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ABSTRACT 
 The genus Carya is largely composed of taxa endemic to eastern North America. This 
entire group of long-lived, durable, and aesthetically pleasing trees has been ignored by 
horticulturists because of issues related to their production as well as performance in the 
nursery and landscape. Hickories develop large, dominant taproots and supposedly produce 
few lateral roots, which are often associated with increased transplant success. Hickory 
seedlings are also considered to exhibit a lag phase in shoot growth, an additional 
disadvantage that hinders their production. The main objectives of the research presented in 
this document were to explore potential production methods that may alter the root 
morphology of hickories that offer characteristics advantageous for horticultural use, and to 
examine the physiological responses of hickories endemic to bottomland environments to 
variable root-zone water contents. The first root pruning experiment was performed to study 
the morphological responses of seedlings of Carya aquatica, Carya cordiformis, Carya 
laciniosa, Carya ovata, and Carya tomentosa to root pruning and root pruning plus auxin 
shortly after germination. The results of the study suggest that not all hickory taxa develop 
similarly. Additionally, root pruning and root pruning plus auxin do not hinder shoot growth, 
may enhance fibrous first-order lateral root formation, and can also promote taproot 
branching. The second root-pruning experiment was designed to investigate the effects of 
severity and timing of root pruning of one-year old Carya cordiformis on root and shoot 
development. We found that one-year-old Carya cordiformis are tolerant of moderate and 
severe root pruning when dormant, and that severe taproot pruning may decrease root and 
shoot growth if performed once buds begin to swell. The moisture-stress experiment was 
performed to determine the tolerance of Carya aquatica and Carya laciniosa to various root-
 
 
 
x 
zone soil moisture levels, which may infer the capacity of these taxa to perform in extreme 
soil conditions typical of urban landscapes. Photosynthesis, stem water potential, root and 
shoot biomass, as well as leaf surface area of plants of Carya aquatica and Carya laciniosa 
exposed to drought and flood conditions were measured. These two species responded 
similarly to both drought and flooding.  
 We conclude that the hickories as a group should not be dismissed from horticultural 
application because each taxon develops differently. Root pruning offers a viable technique 
for the modification of root morphology. Furthermore, both Carya aquatica and Carya 
laciniosa should be considered as resilient landscape selections and rootstocks. Each of the 
species of Carya included in this thesis deserves further study to facilitate their production 
for horticultural application.  
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CHAPTER I 
 INTRODUCTION AND LITERATURE REVIEW 
Thesis Introduction 
 This thesis comprises five chapters. Chapter one serves as a general introduction to 
the genus Carya and detailed information pertaining to the six specific taxa involved in the 
experiments described herein. The chapter also encompasses a literature review of nursery 
production methods of coarsely rooted plants, water stress tolerance of pecan and other 
temperate woody plants, as well as propagation techniques applicable to species belonging to 
the genus Carya. Chapters two, three, and four are in manuscript form. Each is intended for 
submission to either HortScience (chapters two and four) or HortTechnology (chapter three). 
Chapter five includes a synopsis of the general conclusions from the preceding chapters and 
highlights concepts that merit further investigation. Following chapter five are the 
appendices. Appendix A describes the author’s work exploring possible propagation methods 
for various hickory taxa. Appendix B and C present a collection of images from the root 
pruning experiments. Appendix D shows an image from the water stress experiment. 
Appendix E exhibits an assortment of photographs taken in the field and during data 
collection of various hickories to portray some of the important characteristics described 
throughout chapters one and five.  
Introduction to the Hickories 
Overview 
The hickories are deciduous woody perennials belonging to the genus Carya Nutt. 
(Elias, 1980). Fourteen species of this genus are endemic to North America, primarily in the 
eastern United States. Hickories are stately trees of medium to large size, with the exception 
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of Carya floridana Sarg., which is a shrub in habit. These plants offer a wide array of 
ornamental features that make them logical options for horticultural application. Hickories 
are widely recognized for their distinctive dense wood and their root morphology (Elias, 
1980). The root system is dominated by a taproot, which is a prominent characteristic of all 
Carya species (Thompson and Grauke, 1991). It has been suggested that the purposes of the 
taproot in the well-studied species, Carya illinoinensis K. Koch. or pecan, which is a 
phreatophyte, are anchorage and water absorption (Sparks, 2005). It is possible that these 
functions also explain the presence of taproots in other Carya species. Nurserymen consider 
the hickories slow to develop from germinated seeds and difficult to transplant, horticultural 
drawbacks blamed on the taproot. Consequently, the extent of production and horticultural 
application of hickories in the nursery trade remains minimal.  
History 
Preceding the Glacial Era, species of Carya that are now extinct were numerous and 
widespread in the temperate climates of ancient central Europe, north Africa, and Asia, as 
well as western and northwestern North America (Elias, 1980; Harlow and Harrar, 1941). 
Fossils of the hickories representative of the geological Tertiary Period have been located in 
North America, including Alaska, the western region of the contiguous United States, 
Europe, and Asia from the Soviet Union and China (Elias, 1980). 
Nomenclature 
The common name often used to indicate plants of the genus Carya is “hickory”. This 
name is thought to have originated from the languages of various American Indian peoples in 
reference to a traditional hickory-nut-based drink, “powcohiccora” (Harlow and Harrar, 
1941; Rogers, 1931). Throughout history, the hickories have been named and renamed 
 
 
 
3 
numerous times, leading to frequent synonymous references and confusion. Early botanical 
authorities originally lumped the hickories into what is now its sister genus, Juglans L. In an 
article written in 1801 describing the Juglans, Fraxinus L., and Quercus L. of Lancaster, 
Pennsylvania, Rev. Henry E. Muhlenberg suggested the generic separation of the hickories 
(Little, 1943). Rev. Muhlenberg, however, left the details of this task for other botanists to 
decide (Little, 1943). Soon thereafter, various botanical authorities contributed to separating 
the genus Juglans into two sections: walnuts and hickories. In 1808, Rafinesque began the 
task by describing the genus Scoria (Little, 1943). This presentation of the name was later 
determined to be a typographical error by Rafinesque, who later changed the spelling to 
Hicorius in 1817 and again in 1838 to Hicoria (Little, 1943). Over the course of the 
nomenclatural debacle, the genus Hicoria Raf., had been spelled with eight forms (Little, 
1943). Rafinesque lost credibility among his peers by publishing a book titled Florula 
Ludoviciana in 1817, which was perceived as an unethical description of taxa unfamiliar to 
the author and was considered as having little scientific value (Little, 1943). As a result, in 
1818 Thomas Nutall proposed the genus Carya, which he suggested was a Grecian reference 
to Juglans regia, and translated to “nut” (Little, 1943).  
See the United States National Collection of Genetic Resources (NCGR) for pecan 
and hickories website for a clear list of updated species classifications and botanical 
synonymies.  
Taxonomy 
The genus Carya belongs to the Juglandaceae plant family. The number of accepted 
species belonging to the genus varies by botanical authority (Grauke, 2003). However, the 
most current data accepted by the NCGR suggest that there are 19 species of Carya 
 
 
 
4 
worldwide, 14 of which inhabit North America. Interspecific hybridization is possible among 
multiple species of hickory in the overlapping regions of their respective endemic ranges. As 
a result, there are 11 proposed naturally occurring hybrids in North America, though the 
parentage of some is disputed (Grauke, 2003).  
 The genus is separated into three distinct sections or subgenera: Apocarya, Carya, 
and Sinocarya (Wood and Grauke, 2011). Species of subgenus Carya are often referred to as 
“true hickories,” while species within the subgenus Apocarya are called “pecan hickories” 
(Harlow and Harrar, 1941).  
 Carya 
All taxa that belong to this division are endemic to North America and are found 
within the United States (Thompson and Grauke, 1991). This division includes Carya 
carolinae-septentrionalis Engl. & Graebn. (southern shagbark hickory), Carya floridana 
Sarg. (scrub hickory), Carya glabra (Mill.) Sweet. (pignut hickory), Carya laciniosa (F. 
Michx.) Loudon (kingnut hickory), Carya myristiciformis (F. Michx.) Nutt. (nutmeg 
hickory), Carya ovalis (Wangenh.) Sarg. (red hickory), Carya ovata (Mill.) K. Koch. 
(shagbark hickory), Carya pallida (Ashe) Engl. & Graebn. (sand hickory), Carya texana 
Buckley (black hickory), and Carya tomentosa (Poir.) Nutt. (mockernut hickory). True 
hickories typically exhibit 6-12 scales with overlying edges on the terminal buds and 5-9 
leaflets that are most narrow at the base with serrate margins (Thompson and Grauke, 1991). 
The morphological presence of additional bud scales is considered to be an evolutionary 
modification to aid survival in colder regions (Thompson and Grauke, 1991). Buds are 
described as “accressent” because they become significantly swollen at the onset of the 
growing season (Thompson and Grauke, 1991). The husk of the fruit is partitioned into four 
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sections and lacks wings along the seams (Thompson and Grauke, 1991). Nuts do not exhibit 
cavities in the interior wall of the shell and all have four distinct basal chambers (Thompson 
and Grauke, 1991). Both diploids and tetraploids are found within this division. Diploids 
(n=16) include kingnut, southern shagbark, and shagbark hickory. Tetraploids (n=32) include 
sand hickory, mockernut hickory, pignut hickory, black hickory, nutmeg hickory and scrub 
hickory (Manos and Stone, 2001; Wood and Grauke, 2011).    
 Apocarya 
 These taxa are all endemic to North America. This division includes Carya aquatica 
(F. Michx.) Nutt. (water hickory), Carya cordiformis (Wangenh.) K. Koch (bitternut 
hickory), Carya illinoinensis (Wangenh.) K. Koch. (pecan), and Carya palmeri Manning 
(Mexican hickory). Pecan hickories normally exhibit four to six valvate scales over the 
terminal bud, five to17 leaflets with serrate margins, and winged fruit seams (Thompson and 
Grauke, 1991). Bud scales are not considered accressent (Thompson and Grauke, 1991). 
Taxa of the Apocarya sugbenus exhibit obvious cavities inside the shell that can be observed 
when the nut is cut open (Thompson and Grauke, 1991). The nuts of taxa within this 
subgenus may or may not reveal four basal chambers, as in the cases of Carya cordiformis 
and Carya illinoinensis, respectively (Thompson and Grauke, 1991).  All pecan hickories are 
diploid with a chromosome count of n=16 (Thompson and Grauke, 1991; Manos and Stone, 
2001).  
 Sinocarya  
 Historically, species of Carya originating in Asia were placed in the subgenus 
Apocarya (Thompson and Grauke, 1991), however, these taxa are now placed in the 
subgenus Sinocarya. Taxa within this subgenus include Carya cathayensis Sarg. (Chinese 
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hickory), Carya hunanensis Cheng & R.H. Chang (Hunan hickory), Carya kweichowensis 
Kuang & Lu. (Guizhou hickory), Carya poilanei J. Leroy. (Poilane’s hickory) and Carya 
tonkinensis Lecomte. (Vietnam hickory) (Wood and Grauke, 2011). These plants differ from 
their North American counterparts in that they lack bud scales on the terminal buds (Lu et al., 
1999). The ploidy counts for most species within this subgenus are largely unknown. Chen et 
al. (1993) reported a chromosome count of n=16 for Carya cathayensis. Carya hunanensis 
may be a triploid with a chromosome count of n=24 (Manos and Stone, 2001).  
Morphology  
 
Many species of Carya exhibit peeling or flaky bark, a trait more pronounced in some 
species than others. The stems are stout, have a solid pith and end in a large terminal bud. 
Hickories have pinnately compound leaves that lack stipules and are arranged alternately 
(Thompson and Grauke, 1991). Leaves are imparipinnate, with serrate margins, and the 
glandular leaflets range from lance-shaped to widest near the tip (Thompson and Grauke, 
1991). The distal leaflets tend to be larger than the proximal leaflets. Leaf scars are 
conspicuous, may appear with three distinct sections or lobes, and often appear raised on the 
stem (Elias, 1980). Leaflets possess a diverged venation that ends at the leaf edge (Peattie, 
1950).  
 Floral Morphology and Reproductive Unit 
Carya species are monecious with floral structures indicative of a wind-pollination 
reproductive strategy. Inflorescences develop at the onset of the growing season (Elias, 
1980). Minimal fluctuation in the form and placement of the inflorescences exists throughout 
the genus (Manning, 1938). Genetic heterozygosity is more probable because Carya exhibit 
dichogamous patterns of male and female flower maturation (Thompson and Romberg, 
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1985). These dichogamous patterns include protandry, where anthers become reproductively 
viable prior to pistillate inflorescences, or the reverse pattern, referred to as protogyny 
(Thompson and Romberg, 1985).  
Staminate flowers of most Carya species are peduncled fascicles usually of three 
elongate catkins, however, can be reduced to two or one in the case of Carya floridana 
(Elias, 1980; Manning, 1938). The catkins arise adjacent to the basal bud scales of the growth 
of the current season (Manning, 1938). Stamens occur in groups of three to seven (Manning, 
1948) exhibiting red or yellow anthers (Peattie, 1950).  
Pistillate catkins occur singly with primarily upright stances (Manning, 1938). They 
originate at the terminal position of the current season’s growth (Thompson and Romberg, 
1985). Pistillate catkins typically provide one to 10 flowers (Manning, 1938). Peduncle 
bracts are persistent and the buds in the axil of the pistillate catkin are often well formed 
(Manning, 1938). 
The fruit resembles a drupe or dry drupe and is often referred to as a “tryma,” 
however, it is more appropriately defined as an involucral husk composed of fibers, which 
may or may not split at maturity, and encompasses a nut (Manning, 1940). After fertilization, 
the bract and bracteoles enlarge and develop into the specialized, four-valved husk (Manning, 
1940). Depending on the species and population, the outer husk dehisces entirely or partially 
along the sutures of the four sections and falls from the tree in the autumn (Thompson and 
Grauke, 1991). Patterns of cyclical variation in the amount of fruit produced or mast 
production and synchronization among specific trees is evident in at least some hickories 
(Sork, 1983).  
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Development 
 Hickories exhibit determinate, preformed, and monopodial growth patterns (Pallardy, 
2008). When observed in seedlings and saplings, this condition appears extreme and accounts 
for the slow shoot development perceived by nursery growers. New shoots emerge from the 
terminal buds of the stems, and promptly expand. Expansion is concluded by the 
development of a new terminal bud; therefore, the pattern of growth is monopodial (Pallardy, 
2008). A new terminal bud is set and enters a quiescent state until environmental cues 
promote the release of inhibitory control over the bud (Pallardy, 2008) The expanded growth 
is predetermined because it forms within the developing terminal bud of the previous season. 
Therefore, all of the potential growth that could occur in a given season is predetermined 
during the formation of the terminal bud in the previous growing season. Growth occurs in 
one, rarely two, spurts. Carya species are reported to exhibit abnormal, late-season shoots. 
This occasional phenomenon explains the rare occurrence of two spurts of growth (Pallardy, 
2008).  
 Although not as much as Juglans nigra L., the hickories are capable of producing 
variable amounts of juglone (5-hydroxy-1,4-naphthoquinone) throughout their husks, 
kernels, leaflets, pollen, and root tissues (Borazjani et al., 1985). It would appear that the 
concentration of juglone in each tissue is species dependent and has been hypothesized to act 
as a fungal resistance agent throughout the Juglandaceae (Borazjani et al., 1985). 
 Manipulation of Shoot Growth  
 The shoot growth of most species of Carya, including pecan, exhibits a lag phase in 
the first few years after germination (Sparks, 2005). Shoot development can potentially be 
manipulated artificially in an attempt to modify or overcome the determinate nature of the 
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hickories. Gibberellic acid is a plant hormone that imparts control over cellular growth and 
shoot expansion. Plant growth regulators imparting the effects of this hormone affect shoot 
growth in pecan (Brison, 1974). Tall and spindly growth was observed in pecan seedlings 
after exposure to sprays of gibberellic acid (Taylor, 1973). Seedlings between seven and 10 
days after germination exposed to a solution of one part gibberellic acid 
(0.5% GA3	via	GibrellÒ) to two parts anhydrous lanum at the base of the shoot showed 
increased activity of the cambium and resulted in conspicuous increases in their caliper 
(Taylor, 1973). Furthermore, this treatment was shown to produce seedlings large enough for 
patch budding if repeated three more times at intervals of 10-14 days (Taylor, 1973). Patch-
budded seedlings that were 46-61 cm tall were produced in the first six months after 
germination using the previously described method and quickly performing the budding 
(Taylor, 1973).  
Identification 
Proper identification of hickories can be difficult. Many botanical keys exist for 
species of the genus Carya. A genetically pure specimen can usually be identified with the 
use of such keys; however, the morphologies of the species are quite variable and 
complicated by hybridizations. Plants that result from an interspecific hybridization event can 
express intermediate traits (Elias, 1980). Plants encountered may be F1 hybrids or F2 
offspring that are the result of a second cross with one of the original contributing taxa 
(Braun, 1961). As a result, proper classification of a specimen into one taxon is not always 
feasible.  
Along with the bark of physiologically mature specimens, the seasonally mature 
terminal bud, leaves, and fruit are the ideal features to use for identification (Braun, 1961). 
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Consequently, the ideal time of year for identifying hickories is toward the end of the 
growing season (Braun, 1961). Improper identification may occur in the early and late 
dormant stages as some species shed the peripheral scales of the terminal bud at this time 
(Braun, 1961).   
Landscape Potential 
 
The hickories are well known for their impressive ornamental characteristics (Dirr, 
2009), and are outstanding shade and specimen trees (Rogers, 1931). Features that emphasize 
the landscape potential of hickories include their bark, fall color, habit, size, durability, 
adaptability, and longevity.  
Some species of hickory generate exfoliating bark that separates in extended strips 
(Gilman and Watson, 1993). Numerous hickories exhibit stunning fall color of foliage that 
can range from yellow to gold (Dirr, 2009). With the exception of Carya floridana, all 
hickories are medium to large trees, attaining heights of 38.1 meters tall (Peattie, 1966), that 
may develop rounded and erect forms that are taller than they are wide when fully exposed or 
grown without competition (Thompson and Grauke, 1991). Hickories exemplify their 
durability with the capacity to succeed and compete with other hardwoods in densely 
populated forests as well as their tolerance to low-quality soils and dry sites (Peattie, 1950). 
Furthermore, the hickories are extremely long-lived. In fact, the species suggested to be the 
shortest-lived member of the genus is the bitternut hickory with an expected lifespan of 200 
years (Smith, 1965).  
The leaf morphologies, habits, and characteristic durability of many hickories closely 
resemble trees of the genus Fraxinus L. (ash). Ash have traditionally been widely utilized in 
horticultural applications throughout many parts of the United States. Currently, all species 
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of ash within the United States are afflicted by the Emerald Ash Borer, thus creating a 
demand for replacements and greater landscape diversity. Hickories have exceptional 
potential as substitutes for ash trees in many of their current landscape settings.  
 The production of nuts may deter the use of hickories as landscape trees. However, 
the average size and consistency of the nuts is variable among and within the species. 
Hickory species with large fruit should not be considered ineligible for landscape application. 
Many of the hickories with larger fruits are also some of the species with the best nut quality 
for consumption. These taxa have the potential to double as ornamental and edible landscape 
plants. Furthermore, each species of hickory offers unique adaptations that may be useful for 
horticultural applications such as durable or adaptable rootstocks. Because the size and 
quantity of the nuts produced is a variable trait within a species, the potential exists to select 
clones better suited for landscapes where the fruits may disqualify their use.  
Ecological and Economic Importance 
 
 Hickories are an integral component of ecosystems of eastern North America and to 
American economies. Many Carya are highly valued for the quality of timber they yield 
(Harlow and Harrar, 1941), and a few species are appreciated for their edible nuts, with the 
pecan being used extensively for this reason (Elias, 1980). On a national scale, United States 
pecan producers sold an approximate 42,064,000 pounds of pecans in the shell and roughly 
87,225,000 pounds of shelled pecans in 2015 (USDA National Agricultural Statistics 
Service, 2016). All species of hickory also serve as a significant food source for a vast array 
of wildlife. Many important mammalian and avian-reptile species from squirrels to black 
bears and bluejays to turkeys eat hickory nuts (Elias, 1980). The federally endangered 
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Indiana bat (Myotis sodalis), roosts under the strips of peeling bark of species such as Carya 
ovata (United States Fish and Wildlife Service, 2010). 
Historical Uses  
Many American Indian peoples historically used hickory as a resource for both food 
and materials. The Creeks and the Algonquins used the nuts to create a drink called 
“powcohickora.” Powcohickora was a very rich, creamy suspension of the nut meat that was 
typically fermented (Rogers, 1931). In the fall the nuts were collected and stored for later use 
(Rogers, 1931). When needed, the nuts were pounded by the squaws and placed in water. 
The resulting product was then allowed to ferment. Corn meal was added to the solution to 
create a bread-like product (Rogers, 1931). Traditional culinary use of the hickory milk 
included adding the solution when preparing hominy (Rogers, 1931). Early colonists learned 
to press the nuts to extract the oil (Rogers, 1931). The flavor of this oil was considered 
similar to olive oil and became a staple for cooking (Rogers, 1931).   
Carya aquatica 
Carya aquatica (F. Michx.) Nutt.     water hickory 
Water hickory is vastly underutilized as an ornamental. Carya aquatica belongs to the 
subgenus Apocarya and is unique given its extraordinary ability to grow in inundated soils. 
This species is a medium- to large-size tree reaching heights of 33.5 meters (Burns and 
Honkala, 1990), with an upright form and curved crown (Elias, 1980). The trunks are 
typically upright and strictly vertical. Water hickory is endemic to the southeastern United 
States with a range from Florida west to Texas and as far north as the southern tip of Illinois 
and Virginia. The endemic range of this species overlaps with the range of pecan, and the 
two naturally hybridize. Their hybrid is known as Carya ´lecontei Little. Water hickory is 
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also documented as able to cross with Carya texana to produce their hybrid Carya 
´ludoviciana Little, though the viability of this hybrid is disputed (Grauke, 2003). Water 
hickory is tolerant of a wide range of soil types and conditions. It is noted for its ability to 
survive in soils that do not drain and fluctuate between saturation and drought (Thompson 
and Grauke, 1991). Trees are often found in swamps and river bottoms (Elias, 1980). While 
adaptable to these harsh soil conditions, the species may perform best when grown in alluvial 
soils that drain (Elias, 1980). Companion trees often associated with the water hickory in situ 
are Quercus lyrata Walt. (overcup oak), Ulmus americana L. (American elm), Celtis 
laevigata Willd. (sugarberry), and Fraxinus pennsylvanica Marsh. (green ash) (Elias, 1980). 
Water hickory can persist within USDA zones 6 to 9 (Dirr, 2009). The cold hardiness of this 
species has not been tested, and therefore, the potential exists for utilization in even colder 
climates.  
 The leaves of water hickory may range from 7.2-40 cm in length (Elias, 1980) and 
often have seven to 15 leaflets, though nine to 11 is more common (Dirr, 2009). Leaflets are 
often lanceolate, recurved, and widest along the proximal half (Elias, 1980). In winter, the 
brown terminal buds range from 3-5 mm in length, appear somewhat compressed, and are 
typically pointed (Elias, 1980). Branches range from brown to gray and may exhibit hairs 
early in development but become glabrous as they mature (Elias, 1980). Staminate flowers 
are light green to yellow, appear singly or up to four in a cluster, generally with five or six 
stamens apiece, with yellow pubescence. Pistillate inflorescences form in spikes of two to six 
flowers at the terminal position of the growth for the season (Elias, 1980). Fruits are 
noticeably compressed, ovular, and may form in groups of three or four (Elias, 1980). The 
husk is never thick, winged along the four sutures, and at maturity will dehisce along the 
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sutures from the apex to the middle (Elias, 1980). The nut is an important characteristic for 
differentiating water hickory from pecan, which in every other regard is very similar in 
appearance. Nuts are brown and, like the fruits, are noticeably compressed. This flattened 
characteristic is unique to water hickory. Nuts range in size from 2-4 cm long and when cut 
in cross-section reveal conspicuous cavities on the internal wall of the shell. The bark of this 
species can be tight or attached in long, loose plates. Water hickory becomes reproductively 
mature at around 20 years of age with the greatest seed production occurring between ages 
40 and 75 (Burns and Honkala, 1990). Seeds are dispersed through both biotic and abiotic 
mechanisms such as animals and floodwaters (Burns and Honkala, 1990). 
 Water hickory has gained attention from the nursery industry in the southeastern 
United States as an ornamental tree. The production techniques for this species are variable, 
however, field growing and transplanting of large material has proven successful (Dirr, 
2009). Severed roots are reported to sprout adventitious shoots that exhibit vigorous growth 
(Burns and Honkala, 1990).  
Carya cordiformis 
Carya cordiformis (Wangenh.) K. Koch.     bitternut hickory 
 Carya cordiformis is commonly referred to as the bitternut hickory, however, it has 
also been called the swamp hickory (Rogers, 1931). Bitternut hickory belongs to the 
subgenus Apocarya. Trees are large, attaining heights of 35 meters, and have slim to 
spreading forms (Elias, 1980), and tight-textured, gray bark (Deam, 1931). Bitternut hickory 
is common in oak-hickory forests of the eastern United States (Elias, 1980). It is endemic to 
most of the eastern United States, as far north as northern Minnesota and northern New York, 
as far west as eastern Nebraska, Kansas, and Oklahoma and as far south as northern Florida 
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(Harlow and Harrar, 1941; Peattie, 1966). This species can persist within USDA zones 4-9 
(Dirr, 2009). Bitternut hickory can be found in a variety of environments, ranging from 
swampy flood lands to mesic or dry hillsides (Braun, 1961; Elias, 1980). Bottomlands with 
fertile soils are ideal for optimum performance (Elias, 1980). Within their respective 
overlapping regions there are three naturally occurring interspecific hybrids. These include 
C. cordiformis crossed with C. illinoinensis resulting in the hybrid C. ´brownii Sarg.; C. 
cordiformis crossed with C. ovata resulting in the hybrid C. ´laneyi Sarg. (Manning, 1948); 
and C. cordiformis crossed with the tetraploid C. ovalis (Thompson and Grauke, 1991) 
resulting in the hybrid C. ´demareei Palmer (Palmer, 1937). Trees occurring with Carya 
cordiformis in situ include Ulmus americana (American elm), Acer sp. L. (maples), Quercus 
palustris Münchh. (pin oak), Carya laciniosa (kingnut hickory), and Fraxinus nigra Marsh. 
(black ash) (Harlow and Harrar, 1941).   
 The leaves are often 15-25 cm long (Harlow and Harrar, 1941) however, they can 
become dramatically larger in shaded environments. Leaves typically consist of seven to 11, 
light-green, non-stalked, lance-shaped leaflets, that are adaxially smooth and abaxially hairy 
or smooth, with a serrated margin ranging from fine to coarse (Harlow and Harrar, 1941). 
The terminal buds are useful for proper identification because they are unique among the 
hickories. They consist of two, “sulphur yellow,” valvate scales that appear similar in 
appearance compared to small leaves (Thompson and Grauke, 1991; Braun, 1961). The twigs 
are thick, gray to brown, and exhibit a tan pith (Harlow and Harrar, 1941). Staminate catkins 
are found in groups that arise from a single location from one-year-old wood, are green 
(Peattie, 1950), and are typically eight to 10 cm long (Burns and Honkala, 1990). Pistillate 
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catkins are obviously four-angled, about 1.3 cm long, and found singly or in pairs (Peattie, 
1966).  
 The fruit is often about 2.5 cm long, globose to subglobose, with wings along the 
sutures of the upper half. The husk is thin, around 0.32 cm thick, and partially dehisces once 
ripe (van der Linden and Farrar, 2011). The shape of the nut is similar to that of a heart, a 
characteristic reflected in the specific epithet (Thompson and Grauke, 1991). The nut is 
bitter, a characteristic reflected in the common name (Thompson and Grauke, 1991). 
Reproductive maturity is reached at around 30 years of age with the most prolific nut 
production occurring between the ages of 50-125 (Burns and Honkala, 1990). Seeds are 
dispersed through the abiotic mechanisms of gravity and floodwater with minimal 
distribution by animals (Burns and Honkala, 1990). 
 Bitternut hickory presents the potential for various horticultural uses. Although the 
nut meat is often unpalatable, this is not always the case, and there are two cultivated 
varieties of bitternut hickory for nut production: ‘Halesite’ and ‘Hatch’ (Thompson and 
Grauke, 1991). The thin shell of the nut and cold hardiness could be useful traits for breeding 
with other Carya species for nut production. This species supposedly sprouts the most shoots 
from roots and stumps of any of the northern hickories (Burns and Honkala, 1990). Bitternut 
may be the easiest hickory to transplant due to its branched root system (Burns and Honkala, 
1990). Van der Linden and Farrar (2011) recommend maintaining this tree in developed 
locations where it occurred naturally due to its faster rate of growth and unique yellow fall 
color.    
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Carya glabra 
Carya glabra (Mill.) Sweet.     pignut hickory 
 This species is most commonly referred to as pignut hickory, but has also been called 
broom hickory, brown hickory, black hickory (Peattie, 1966), smoothbark hickory (Burns 
and Honkala, 1990), and false-shagbark (Rogers, 1931). Pignut hickory is a member of the 
Carya subgenus. This species is a medium to large tree exhibiting a strictly vertical trunk, 
attaining heights of 25-40 meters, and often matures with a wide-spread, cylindrical form 
(Elias, 1980). Bark is gray, with a tight texture that may appear scaly (Peattie, 1966), often 
forming a distinct pattern akin to a diamond shape (Dirr, 2009), and appearing comparable to 
white ash (Rogers, 1931). Carya glabra constitutes a large percentage of the flora of the oak-
hickory forests of the eastern United States (Elias, 1980). It is endemic from the east coast 
north to southern Maine, south to central Florida, spreading as far west as southeast Iowa, 
eastern Oklahoma and eastern Texas (Peattie, 1966; Elias, 1980). This tree may persist within 
USDA zones 4-9 (Dirr, 2009). Pignut hickory typically grows in rich, dry soils, particularly 
along ridges and hillsides (Dirr, 2009; Peattie, 1966; Rogers, 1931). Trees often associated 
with Carya glabra in situ include: Nyssa sylvatica Marsh. (blackgum), Quercus alba L. 
(white oak), Quercus rubra L. (red oak), Quercus stellata Wang. (post oak), and Quercus 
velutina Lam. (black oak) (Elias, 1980). Carya glabra is reported to hybridize with Carya 
ovalis (red hickory) (Thompson and Grauke, 1991). The species status of red hickory is 
controversial, with its placement debated as a variety of Carya glabra (Thompson and 
Grauke, 1991).  
 Leaves exhibit 5-7 leaflets and range in length from 15-30 cm (Elias, 1980). Leaflets 
are lanceolate, glabrous with the exception of groups of hairs found in the vein axils of the 
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abaxial surface, and light green, which is darker above than below (Elias, 1980; Peattie, 
1966). Margins are serrate, and described as inward curving (Peattie, 1966). Terminal buds 
are brown, widest along the bottom or midsection, and range in length from 6-9 mm (Elias, 
1980).  
 Staminate inflorescences are found as groups of three catkins with hairs, ranging from 
5-7 cm in length, four stamens apiece (Elias, 1980; Rogers, 1931). Pistillate flowers are 1.27 
cm long, angled, in clusters of three to five, on terminal spikes (Peattie, 1966; Elias, 1980; 
Rogers, 1931). The fruit is either globular or pyriform, about 2.5-5 cm long and 1.9 cm wide 
(Peattie, 1966; Elias, 1980). The nuts are rounded, compressed, and exhibit a thick shell 
(Elias, 1980).  
 The quality of the wood is one of the most superior of the hickories and traditionally 
has been widely harvested for lumber (Peattie, 1966). The potential ornamental application of 
this species is obvious. Dirr (2009) describes the peak autumnal display of pignut hickory as 
a “rich golden-yellow” that is not surpassed by the fall color of any other species. Dirr (2009) 
equates a post-transplant percentage mortality of more than half for container-grown 
seedlings of shagbark hickory with the potential transplant success of pignut hickory. 
Carya laciniosa 
Carya laciniosa (F. Michx.) Loudon.     kingnut hickory 
One noteworthy species belonging to the genus is kingnut hickory. Carya laciniosa is 
referenced with many common names including: shellbark, big shellbark, kingnut, big 
shagbark, and many more. This species is a unique taxon within the genus due to its large 
fruit size, potential cold hardiness, and adaptability.  
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Kingnut hickory belongs to the subgenus Carya. It is native to the eastern half of the 
United States with a patchy distribution that spreads from New York to Iowa. Kingnut 
hickory can be found in Iowa along the Chariton River and along the Mississippi River (van 
der Linden and Farrar, 2011). As a product of timber clearing of Iowa bottomlands for 
agriculture, the species has become increasingly rare (van der Linden and Farrar, 2011). 
Dense populations persist along the Chariton River around and south of Lake Rathbun (van 
der Linden and Farrar, 2011). Carya laciniosa is typically found in bottomland habitats, 
which is atypical of the species within the subgenus Carya. Although it often occurs in moist 
soils, it is adaptable to soils that are far drier (Thompson and Grauke, 1991). This tree can be 
utilized within USDA zones 5-8 (Dirr, 2009). Trees often associated with the kingnut hickory 
in situ in bottomlands include Acer sp. (soft maples), Ulmus americana (American elm), 
Quercus palustris (pin oak), Quercus lyrata (overcup oak), Quercus bicolor Willd. (swamp 
white oak); and for intermediate or upland sites includes Quercus alba (white oak), Fraxinus 
americana L. (white ash), and Carya ovata (shagbark hickory) (Harlow and Harrar, 1941).  
The kingnut hickory hybridizes with two other species of Carya where the native 
ranges overlap and the ploidy levels are compatible. In some areas, the kingnut can hybridize 
with Carya illinoinensis resulting in Carya ´nussbaumeri Sarg. (Thompson and Grauke, 
1991). In other parts of the range, Carya laciniosa may hybridize with Carya ovata to 
produce Carya ´dunbarii Sarg. (Thompson and Grauke, 1991).  
Carya laciniosa exhibits large leaves that range in length from 38 to 56 cm long and 
comprise five to nine leaflets, however seven is the most common (Harlow and Harrar, 
1941). The margins of the leaflets are serrate and glabrous (Elias, 1980). Leaflets have an 
oblique base, end in a pointed tip, and are adaxially glossy and abaxially tomentose (Harlow 
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and Harrar, 1941). The fruit is the largest of any hickory species, typically ranging from 4 to 
6 cm long (van der Linden and Farrar, 2011), however, it is the experience of the author that 
fruits may attain far larger sizes. The husk of the fruit is often 0.6 to 1.3 cm thick and at 
maturity the sutures separate to the base (van der Linden and Farrar, 2011).  
 The kingnut hickory appears similar to the well-known shagbark hickory and it is 
easy to confuse these two species with each another. However, there are a few characteristics 
that help to distinguish them. Both the kingnut and shagbark share the trait of exfoliating 
bark, which often peels in plates (Grauke, 2003). Though, in comparison, the bark plates of 
the kingnut are decreased in size and appear more tightly arranged, thus appearing more 
organized (Peattie, 1966). One unique characteristic of kingnut hickory is the persistence of 
the rachis on the branches of the previous season (Grauke, 2003). In comparison, the leaves 
and fruit of the kingnut hickory are typically far larger than the shagbark hickory. A fine 
pubescence may be observed on the exterior of the ripe fruit of the kingnut hickory, but not 
of the shagbark hickory.  Carya laciniosa can also be distinguished by the twigs, which are 
yellow-brown to orange in color with obvious lenticels, as well as glabrous, and stout 
(Peattie, 1966; Grauke, 2003).  
 This species is reported as difficult to transplant, a characteristic attributed to its 
development of a large taproot that grows deep into the soil (Burns and Honkala, 1990). 
Carya laciniosa is noted as one of the most shade-tolerant forest trees, surviving and 
reproducing for long periods of time in densely populated forests (Burns and Honkala, 1990). 
Young plants have been documented as able to form associations with the ectotrophic 
mycorrhizal species, Laccaria ochropurpurea (Burns and Honkala, 1990).  
 
 
 
 
21 
Carya ovata 
Carya ovata (Mill.) K. Koch     shagbark hickory 
 Shagbark hickory is arguably the most iconic species of the genus. It is often 
recognized and desired by its characteristic peeling bark. Carya ovata belongs to the 
subgenus Carya. This species has the potential to be a large tree, attaining heights of 45 
meters (Elias, 1980). The form is generally slim to moderately spread, widest in the upper 
half (Elias, 1980), and holds both upright and downward oriented branches (Dirr, 2009). 
Shagbark hickory is typically associated with slopes and dry upland sites; though it may 
occur in bottomland sites in deep soils that drain (Elias, 1980). The species is amenable to 
variable soil types (Dirr, 2009). Shagbark hickory is endemic to the eastern United States and 
southeastern Canada. It may be found as far north as Quebec and Minnesota, spreading west 
to eastern Nebraska and Texas, and dispersing southeast into Georgia (Dirr, 2009). Disjunct 
populations of the variety Carya ovata var. mexicana occur in the south-central mountainous 
regions of Mexico (Grauke, 2003). This species may persist within USDA zones 4-8 (Dirr, 
2009). Carya ovata naturally hybridizes with Carya cordiformis and Carya laciniosa as 
mentioned earlier. Stone (1997) also mentions a hybrid cross with Carya illinoinensis.  
 Terminal buds are ovoid, glabrous or tomentose, ranging from dark-brown to nearly 
black, and are approximately 6-18 mm long (Stone, 1997). The twigs are quite stout and 
range from a dark-gray to a reddish-brown (van der Linden and Farrar, 2011). Leaves range 
from 20-36 cm in length and typically exhibit five leaflets, rarely seven (van der Linden and 
Farrar, 2011). Leaflets are glabrous with finely or coarsely serrate margins (van der Linden 
and Farrar, 2011; Stone, 1997). Upon close examination, tufts of hair are likely to be 
encountered at the tips of the serrations (Grauke, 2003), or may be found spread along the 
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margin (Elias, 1980). Hairs may be located along the veins of the abaxial surface (Elias, 
1980). The husk of the fruit is approximately 0.32 to 1.27 cm in thickness and dehisces to the 
base at maturity (van der Linden and Farrar, 2011). The nut enclosed within the husk is 
typically 3.81 cm long (van der Linden and Farrar, 2011). The nut is edible and selections 
have been made for production. The bark is described as “shaggy,” a characteristic reflected 
in the common name (Dirr, 2009) Bark of mature specimens is gray, exfoliating vertically in 
elongated plates with uneven edges and tending to curl outward (Elias, 1980; van der Linden 
and Farrar, 2011). 
 As a group, hickories are renowned for their enduring strength and durability. As it is 
most widely familiar, the shagbark hickory is the symbol that represents this theme and was 
recognized historically as such by American pioneers (Peattie, 1966). Andrew Jackson, the 
seventh President of the United States, was even appointed the nickname “Old Hickory,” a 
testament to his toughness as a general in the War of 1812 (Peattie, 1966). Reflecting his 
nature, six shagbark hickories were planted in “The Hermitage” garden at his gravesite 
(Peattie, 1966).  
Carya tomentosa 
Carya tomentosa (Lam.) Nutt.     mockernut hickory 
 Carya tomentosa is most widely referenced as mockernut hickory though it is 
sometimes referred to as white hickory. Most specimens average a height of 15-18 meters 
(Dirr, 2009), however, the species may potentially reach 35 meters (Elias, 1980). Mockernut 
hickory is predominately found in sandy soils that drain as well as rocky hillsides and rarely 
on outcroppings comprised of limestone (Stone, 1997). Carya tomentosa is endemic from 
Massachusetts and central Michigan spreading west to southeastern Iowa and eastern Texas, 
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and as far south east as northern Florida (Harlow and Harrar, 1941). Harlow and Harrar 
(1941) suggest the species is uncommon in the northern regions of its distribution. Trees 
associated with this species in situ include Quercus coccinea Münchh. (scarlet oak), Quercus 
marilandica Münchh (blackjack oak), and Quercus stellata (post oak) in natural upland sites 
as well as Robinia pseudoacacia L. (black locust) and Sassafras albidum (Nutt.) Nees 
(sassafras) on artificially disturbed sites (Harlow and Harrar, 1941). This species may persist 
within USDA zones 4-9 (Dirr, 2009). A few naturally occurring hybrids exist with 
mockernut hickory parentage. Tetraploid Carya tomentosa can cross with tetraploid Carya 
texana and their hybrid is referred to as Carya ´collina Laughlin (Grauke, 2003). Carya 
tomentosa can also cross with diploid Carya illinoinensis to form Carya ´schneckii Sarg. A 
hybrid was described between Carya tomentosa and Carya cordiformis by Reed (1944), 
however, this hybrid is disputed (Grauke, 2003).   
 Leaves range from 14-32 cm in length, exhibit five or seven aromatic leaflets with 
dense hairs on the abaxial surface (Dirr, 2009; Elias, 1980). The distal pair of leaflets is 
typically 12-22 cm long and 7.5-12.5 cm wide (Elias, 1980). The proximal pair of leaflets are 
typically two-thirds the size of the distal pair (Dirr, 2009; Elias, 1980). The rachis and petiole 
are both tomentose (Dirr, 2009).  Staminate inflorescences are often 14 cm long (Stone, 
1997).  Bark of this species is furrowed, gray, and never exfoliates in scales or plates like 
many other hickories (Elias, 1980).  
 Mockernut hickories may live for 300-500 years (Elias, 1980). Grauke (2003) 
supports the use of this species for ornamental purposes due to its brilliant yellow-gold 
autumnal display and overall stately form when properly cultivated.  
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Nursery Production of Coarsely Rooted Plants 
 
The production of a coarse root system or a taproot in woody plant species in the wild 
is often advantageous. A taproot is a strong, single, vertically growing appendage, beginning 
as the radicle or primary root at the onset of germination. It is thought that the functions of a 
taproot are water adsorption and tree stability (Fraser, 1962). In some instances, taproots do 
not form when soils do not drain quickly or inundated soil horizons are present (Gilman, 
1990a). Taproots, when present, are notorious for dominating a root structure, with minimal 
fibrous roots existing. The control of the taproot is often lost if or when root branches form 
(Harrington et al., 1989). It has been hypothesized that for some arboreal species the genetic 
determination for taproot development is expressed in individual trees and not necessarily 
across an entire species (Kalliokoski et al., 2008). Alternatively, it is also possible that many 
physical characteristics, including rooting habit, may remain fairly constant for some species 
regardless of production technique. For example, the shoot length and caliper of the root 
collar were similar in seedlings of Quercus suber L. that were cultured in several types of 
containers (Chirino et al., 2008). Investigations specifically exploring the effects of cultural 
practices on determinate growth are lacking.  
Throughout the horticulture and forestry industries, it is widely believed that many 
hickory species exhibit a taproot dominant root system (Jenik, 2010). Shagbark hickory 
exemplifies the slow shoot growth and resistance to successful transplanting as a function of 
a coarse root habit (Gilman and Watson, 1993). This presents a problem for container and 
field nursery production of coarsely rooted species. Coarsely rooted species exhibit root 
binding or root spiraling in container production, and the rate of transplant success of field-
grown plants may be low or unreliable. The production of woody ornamental plants in 
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containers and in the field is critical to the success of the nursery trade. The ease of 
transportation and subsequent availability of nursery plants have been considerably reformed 
through use of lightweight materials including plastic containers and soilless potting media 
(Burkhart, 2006). Unfortunately, one consequence of growing coarsely rooted woody plants 
in containers is the tendency for roots to become clustered in the bottom (Biran and Eliassaf, 
1980a). The roots of woody plants exhibit the majority of growth in the marginal regions of 
the potting medium while the middle region of the substrate is dominated by thick connecting 
roots that unite the boundary roots with the taproot (Biran and Eliassaf, 1980b). Roots 
located in the periphery become entangled because the container walls restrict their 
expansion thus promoting root binding (Burkhart, 2006). The effects of root binding derived 
from container production are not immediately apparent. A study comparing the differences 
between container and bare root pecan nursery stock found no detectable differences in 
survival, height, trunk diameter, or crown diameter for at least the first six years after 
transplanting (Wood, 1996). However, it is well documented that out-planted container-
grown plants with intertwined roots maintain their bound habit, which may prevent them 
from surviving long-term in the landscape (Burkhart, 2006). Furthermore, plants that are 
maintained in their container for too long and eventually planted in the field may exhibit 
“checking,” or permanently stunted growth (Burkhart, 2006). To resolve these issues, it is a 
common practice to prune the roots of container-produced plants (Gilman, 1990b). Harris et 
al. (2001) suggest that root pruning, presumably resulting in a more branched or fibrous root 
system, may better facilitate field transplanting and container production. Conversely, root 
pruning, when coupled with other techniques, has the potential to severely dwarf trees 
(Geisler and Ferree, 1984), as seen within the controlled horticultural art of bonsai.  
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Information describing root-pruning techniques and accurate results have not 
traditionally been supported through scientific experimentation (Geisler and Ferree, 1984). It 
is for these reasons that a better understanding of how individual tree species react to root 
pruning methods is required. 
The overall effects of root pruning woody plants has long been debated. Some authors 
report increases in survival and growth while others suggest root pruning has no significant 
effect (Harris et al., 2001). Previous reports present inconsistent outcomes pertaining to 
mineral nutrient concentration and uptake ability of root-pruned plants (Geisler and Ferree, 
1984). It has also been suggested by many authors, including Woodroof and Woodroof 
(1934), that increasing the number of lateral roots by means of removing parts of the taproot 
can result in an increase in tree height.  
Auxin and other growth regulators stimulate lateral root formation (Esau, 1960). 
Crunkilton et al. (1994) exposed the root zones of red oak seedlings to IBA and described 
increases in root length, shoot diameter, dry weight, and leaf area; and Carlson (1974) 
reported IAA solution applied to seedlings of red oak resulted in 24 times more lateral roots. 
Experimentation with root pruning has suggested that root establishment occurs at the cut 
surface first, and typically does not develop in the remaining regions of the root (Smith and 
Johnson, 1981; Carlson, 1974). Accelerated root regeneration at the cut surface is 
presumably due to exposure of the pericycle (McCraw and Smith, 1998).  Minimal 
knowledge exists on the mechanisms that control lateral root initiation (Dubrovsky et al., 
2006). 
In many other taproot-dominant taxa, the issue of root binding or spiraling is 
apparent. This phenomenon is well documented in seedlings of Asimina triloba L. (pawpaw) 
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grown in short containers (Pomper et al., 2003). Growers of coarsely rooted oak species often 
reduce the dominance of the primary roots shortly after germination by pruning the radicle or 
utilizing containers with open bottoms for root-tip desiccation to minimize taproot growth 
and promote fine-root development (Burkhart, 2006). The resultant plants are often then 
transferred to 1-gallon containers (Burkhart, 2006). For many species, root pruning can 
promote a more fibrous root system. However, specific methods regarding the location along 
the root, the developmental stage of the plant, and the age of the plant vary significantly. 
Pruning of shallow main roots has shown an increase in the number of main lateral roots 
(Harris et al., 2001). The timing and stage of development are important because they can 
cause root branching higher up in a container if done earlier, or lower in a container if 
performed later. The ultimate length of the taproot remaining can promote a very different 
plant. A relationship of decreasing root mass and root number for individual trees has been 
observed with an increasing length of the taproot (McCraw and Smith, 1998). 
Responses of Pecan and Other Temperate Woody Plants to Water Stress 
 
Taxa of woody plants that are tolerant or adaptable to extreme environmental 
conditions offer durability and reliability in managed landscapes. This trend is useful for 
urban sites where landscape plants must often endure a rapidly oscillating range of soil 
moisture conditions. For this reason, it is advantageous for taxa that tolerate irregular soil 
moisture to be recognized for horticultural application (Nash and Graves, 1993). Transplant 
shock plays a significant role in successful establishment (Jacobs et al., 2009), because it is a 
function of moisture stress. Identifying taxa that are intolerant of this moisture stress may 
provide insight on associated decreased transplant success of particular species.  
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Besides pecan, the tolerance of species of the genus Carya to variable moisture 
regimens is not well studied. The ability of these taxa to tolerate extreme ranges in soil 
moisture is generalized or associated with their most common indigenous habitats. These 
generalizations are not necessarily accurate. Pecan is a phreatophytic species that utilizes the 
lengthy taproot to acquire water (Sparks, 2005). This morphology is consistent with drought 
avoidance and does not imply drought tolerance. All hickories are noted for the production of 
a taproot; however, it is unclear if all hickory taxa are phreatophytes. Parker et al. (1982) 
provided evidence that Carya tomentosa, predominately an upland species, employs drought-
avoidance mechanisms to remain competitive. Studies investigating the tolerance of 
bottomland species to extreme moisture conditions are lacking.  
Tolerance to Flood Stress 
 
Many factors can affect the tolerance of a plant to flood stress. Among these factors 
are the stage of development, the location, the length of time the plant is exposed to flooding, 
and season of occurrence (Kozlowski, 1997). Loucks and Keen (1973) demonstrated the 
capacity of submergence tolerance of various bottomland species and found a wide range of 
mortality rates. Specifically, they noted pecan exhibited an intermediate survival rate after 
complete submergence for 4 weeks. Tolerance to flooding is a trait that fluctuates between 
and within species (Kozlowski, 1997). Even closely related woody plants may differ 
dramatically in their tolerance to flooding (Kozlowski, 1997). Studies used to investigate the 
tolerance of related species to soil-moisture conditions typical of their native environment 
often reliably find analogous associations (Peterson and Graves, 2013). Taxa that naturally 
inhabit bottomland sites tend to be more tolerant of frequent flooding and inundated soils 
than species that inhabit dry, upland sites, however, some bottomland species also share a 
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similar tolerance to the opposite extreme of the moisture spectrum. Nash and Graves (1993) 
provided evidence suggesting that two bottomland species, Magnolia virginiana L. 
(sweetbay magnolia) and Taxodium distichum (L.) Rich. (bald cypress), are tolerant of 
fluctuations in flooding and drought that are typical of urban environments. This 
phenomenon has also been documented in species that are more closely related to one 
another. Schrader et al. (2005) presented evidence that suggests Alnus maritima is more 
tolerant of flooding and drought than some of its close relatives, within the genus, that 
naturally inhabit dry sites. Because closely related species inhabiting either bottomland or 
upland sites may have variable and sometimes unorthodox responses to moisture extremes, 
further research that focuses on the tolerances of these species is necessary. 
Responses of Woody Plants to Flood Stress 
 
Flooding evokes stress because it reduces the oxygen available to the root zone and 
can decrease nutrient uptake, specifically with iron and manganese (Kozlowski, 1997). The 
effects of flooding on woody plant growth and mortality are mainly consequences of 
stomatal closure induced by lengthy flooding events. Two main proposals explaining the 
signal that prompts the stomates to close include lower rates of root hydraulic conductivity 
and hormonal signaling through ABA and cytokinin (Kozlowski, 1997). Resultant reductions 
in normal growth and development occur and are associated with interference of 
photosynthesis, transpiration, and hormonal equilibrium (Sojka et al., 2005; Kozlowski, 
1997). When encountered during active growth, these interferences manifest as stunted leaf 
and shoot growth or expansion, early leaf abscission, senescence of shoot tips, and reduced 
root and stem-caliper growth (Kozlowski, 1997). In addition, plants may eventually succumb 
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to the stress of extreme soil moisture conditions if the conditions are maintained past a 
tolerance threshold.  
Multiple studies suggest that photosynthesis of seedlings of pecan is reduced as a 
result of flooding (Loustalot, 1945; Smith and Ager, 1988; and Smith and Huslig, 1990). 
Smith and Ager (1988) found the carbon dioxide assimilation rate of seedlings of pecan 
exposed to flooding was reduced by more than half after the first day of the treatment. 
Species that are tolerant of soil inundation often exhibit similar responses that aid in their 
survival of the stress (Kozlowski, 1997). Morphological adaptations for survival in flooded 
environments have been observed in bottomland or wetland plants. One example is the 
formation of aerenchyma tissue, which is a tissue that exhibits oxygen-filled intercellular 
gaps (Smirnoff and Crawford, 1983). Other adaptations observed in wetland taxa include the 
formation of hypertrophied lenticels and adventitious roots, both of which were observed by 
Balestri (2015) on Nyssa biflora after exposure to flooding in containers.  
Drought Stress 
 
Taxa tolerant of drought events must be able either to avoid water loss or to endure 
low water contents. Low osmotic potential coinciding with the turgor-loss point (Bahari et 
al., 1985; Bartlett et al., 2012) and increased photosynthetic capacity (Bahari et al., 1985), 
among other variables, typically improves drought tolerance. Bahari et al. (1985) found 
Juniperus virginiana L. (eastern red cedar), a species often occurring in xeric sites, remains 
tolerant to drought because of its ability to minimize water loss as well as maintain open 
stomates while experiencing low water potential.  
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Propagation of Hickories 
Information pertaining to propagation methods for the hickories is either lacking or 
generalized with the more commonly produced pecan. These propagation techniques are 
often provided in the context of nut production. Methods for propagating species within the 
genus Carya are largely by seed or grafting and budding with minimal and contradictory 
reports on the success of cuttings. It is the opinion of the author that many of the propagation 
techniques employed for nut production are not appropriate for ornamental production. This 
opinion is based on the issues associated with slow seedling growth, the poor appearance of 
top-grafted plants in relation to their jarring bark textures and colors, and a lack of 
information regarding interspecific graft compatibility. Some publications suggest budding is 
a technique utilized for hickory propagation, however, it is not clear if this is a generalization 
based on its use and success with pecan. If budding has been used for hickory propagation, 
protocols or descriptions of this information are not readily available. O’Rourke (1953) 
mentions the production of pecan and hickory may be carried out through patch budding in 
commercial nurseries. However, he reiterated the message of a lack of information in the 
literature, specifically regarding bench grafting techniques (O’Rourke, 1953).  
Sexual Propagation 
As a wind-pollinated species, hickories yield an immense quantity of pollen (Elias, 
1980). They appear to be self-compatible, however, compared to cross-pollination events, the 
resultant fruit production is lower in quality and number (Elias, 1980). Seed propagation 
appears to be the dominant technique used in nurseries that produce hickories for ornamental 
use.  
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Most descriptions of seed handling would suggest the seed is recalcitrant and should 
not be allowed to dry down past 30% moisture content. However, Bonner (2008) suggests 
seeds of Carya species are more appropriately defined as sub-orthodox because they can be 
stored in environments similar to those required by othrodox seed, though for a dramatically 
shorter extent of time. The explanation for why these seeds respond in this way is not well 
understood, however, it is likely a result of the high lipid content of the cotyledons (Bonner, 
2008), which aids the development of the taproot (Sparks, 2005). Hickory seeds require 
moist stratification at 0.5 to 4° C for 30 to 150 days to release the inhibitory constraints of 
embryo dormancy (Dirr, 2009). Germination is enhanced through a pretreatment of placing 
seeds in room-temperature water for a period of 2-4 days while changing the water one to 
two times daily (Dirr, 2009). Germination is hypogeal. Upon germination, the seedlings 
rapidly develop a prominent taproot and throughout the first season exhibit diminutive 
growth of the stem (Dirr, 2009). Removal of the husk prior to pretreatment may enhance 
germination success and uniformity as it is generally recommended for seed propagation of 
nut crops (Wood, 2003). When grown from seed, pecans are typically sown 5 cm below the 
potting medium (Wood, 2003).  
Asexual Propagation 
Grafted or budded pecan is considered a specialty nursery item due to the skill 
required for their successful production (Brison, 1974). Various techniques for grafting and 
budding have been modified to pecan culture (Brison, 1974). The influential variables that 
determine the use of a method include 1) the season, 2) the size of the scion, 3) the level of 
difficulty associated with the technique, 4) the time required for cambial union, 5) 
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modifications for variable rootstock sizes, 6) general preference in the type of union, and 7) 
the stability of the union in the short and long term (Brison, 1974).  
Madden (1978) describes in detail successful methods for selecting, packing, and 
storing propagation wood for pecan and hickory. These methods describe the preparatory 
procedures for grafting and budding, however, information outlining the details of successful 
grafting procedures specific to the hickories is lacking. Techniques often employed for pecan 
production may be successful with other hickories. The use of the 3-flap graft or banana graft 
may not be conducive to ornamental nursery propagation due to the variable bark traits 
between and within species. Patch budding could potentially be utilized if budded very low 
on the rootstock.  
The grafting techniques most often used in the nursery for pecan production are 
modifications of whip grafts and patch budding (Brison, 1974; Wood, 2003), although 
modifications of 3- or 4-flap banana grafts are also mentioned in the literature. Whip grafting 
can be performed in early spring, while patch budding is typically performed while plants are 
actively growing through the months of July and September (Wood, 2003).  
Thomas (2015) performed a graft-compatibility study between superior cultivars of 
Carya laciniosa, Carya ovata and Carya ´laneyi on Carya illinoinensis rootstocks. The 
study suggested compatibility is possible, however, there were few successful grafts. Thomas 
(2015) employed the 3-flap graft for this study. Grauke and O’Barr (1996) investigated the 
compatibility of Carya aquatica and Carya ´lecontei on Carya illinoinensis rootstocks 
utilizing a 4-flap graft and found both are compatible with pecan as a rootstock, however, on 
average the hybrids grafted more successfully. The Annual Report of the Northern Nut 
Growers Association (Bixby, 1924) presented their results of top-working various Carya 
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cultivars for nut production on shagbark, mockernut, pignut, bitternut, and pecan. Variable 
success was reported, supporting the general statement that interspecific grafting among the 
hickories is possible with attention to detail. Although this experiment investigated a broad 
range of compatibility scenarios, the parentage of the scion cultivars is not clear and 
therefore, detailed conclusions on interspecific graft compatibility cannot be drawn. Within 
the proceedings, brief explanations on hickory success are discussed. The authors believed 
that vigorous rootstocks and wax-coating of grafts to prevent desiccation were imperative to 
their success (Bixby, 1924).  
Reports on the success and methods utilized for rooting cuttings vary greatly. 
Cooperating with V.T. Stoutemyer, O’Rourke (1953) describes success in rooting hardwood 
cuttings of pecan by storing the cuttings in peat moss and allowing callus to form on the cut 
bases, followed by an application of liquid IBA. Unfortunately, they report the cuttings died 
4 weeks following rooting (O’Rourke, 1953). Dirr (2009) rooted etiolated shoots of ‘Colby’ 
pecan from a 20-year-old tree. Etiolation spanned 20 days, and cuttings were dipped for 10 
seconds in IBA solution and then stuck in sand under intermittent mist. Maximum rooting of 
96% was observed with 5,000 ppm IBA (Dirr, 2009). The question still remains if stem 
cuttings are possible and a viable propagation method for other Carya species.  
Severed roots of water hickory are reported to sprout adventitious shoots readily that 
exhibit vigorous growth (Burns and Honkala, 1990). O’Rourke (1953) claimed that the use of 
root cuttings to propagate hickory and pecan had not been attempted. Severed shoots of water 
hickory can achieve heights of 1.5 meters on poor-quality soils and are described as growing 
three to four times faster than seedlings (Burns and Honkala, 1990). This characteristic 
 
 
 
35 
merits further investigation for rapid nursery propagation and production of water hickory as 
well as other species capable of forming adventitious shoots.  
Bitternut hickory is recognized for its ability to develop adventitious shoot growth 
from both roots and stumps (Burns and Honkala, 1990). Therefore, this species offers a wide 
range of possible propagation applications. Root cuttings could be used to propagate superior 
clones. If the sprouts are more vigorous than seedlings, this avenue may provide a faster rate 
of production compared to the current standard for the nursery industry. Excessive formation 
of adventitious shoots from roots and stumps provides an opportunity for asexual cutting 
propagation through stooling or other modified etiolation techniques. If the plants truly are 
unique in their root morphology as mentioned by Burns and Honkala (1990) and this 
morphology is conducive to transplant success, then this species may be useful as a rootstock 
for superior selections of bitternut and other hickories.  
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HICKORIES 
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Abstract 
 
 Diversification of taxa is an important goal of those who manage landscapes.  Some 
otherwise desirable species have not been promoted for use due to reports of challenges 
associated with their production or establishment. A reputation for coarse root systems with 
dominant tap roots, and for slow shoot development among seedlings, has limited the use of 
hickories (Carya Nuttall). We examined effects of root pruning and application of auxin on 
root and shoot development of seedlings of several species of hickory that could provide 
traits ideal for horticultural application. Our hypothesis was that pruning of the primary 
radicle shortly after seed germination and subsequent treatment with auxin would increase 
root branching without curtailing development of the shoot. Carya aquatica Nuttall, Carya 
cordiformis K. Koch, Carya laciniosa Loudon, Carya ovata K. Koch, and Carya tomentosa 
Nuttall were treated by removing two-thirds of radicle (root pruned) or with root pruning 
followed immediately by applying indole-3-butyric acid (IBA) via HormexÒ rooting powder 
#3.  Root pruning and root pruning with auxin did not alter stem height, caliper, or root dry 
weight. After 75 days root pruning resulted in a 42% decrease in the number of fibrous first-
order lateral roots for Carya ovata only. Root pruning plus auxin caused a 79% increase in 
the number of fibrous first-order lateral roots of Carya laciniosa only and a 50% increase in 
the shoot dry weight of Carya aquatica only. Both root pruning and root pruning plus auxin 
caused taproot branches for each species. We conclude that each taxon encompassed in this 
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study responds differently to root pruning and root pruning plus auxin in both the root and 
shoot morphology. Careful implementation of this practice at the taxon level can enhance the 
production of these taxa in the nursery.  
Introduction 
 The hickories are a group of deciduous woody perennials belonging to the genus 
Carya Nutt. (Elias, 1980). Most hickories are stately trees of medium to large size, exhibiting 
grand ornamental features that justify their use as shade trees. All Carya species are 
recognized for their development of a large, protuberant taproot (Thompson and Grauke, 
1991). The characteristic taproot and minimal root branching of the hickories are often 
associated by nursery growers with the slow initial development of seedlings and a resistance 
to successful transplanting. For example, Dirr (2009) observed 60% mortality after 
transplanting one-year-old shagbark hickories that he attributed to their carrot-like taproot. 
Because of this issue, the extent of production and horticultural application of hickories in 
the nursery trade remain minimal. 
 Harris et al. (2001) suggested that root pruning of Quercus rubra L. (red oak), which 
presumably results in a more branched or fibrous root system, may facilitate transplanting 
and container production. Root pruning can affect the number of lateral roots and 
subsequently may affect the likelihood of transplant success. Some evidence suggests that 
increasing the number of lateral roots by removing parts of the tap root can result in an 
increase in tree height (Woodroof and Woodroof, 1934). Zhang et al. (2015) observed no 
difference in the height or caliper in seedlings of pecan after exposure to root-pruning 
treatments, however, they found root pruning promotes the growth of first-order lateral roots. 
Initiation of lateral roots is stimulated by auxin and other growth regulators (Esau, 1960). 
 
 
 
44 
Plant growth regulators have been used with other species that perform poorly after 
transplanting, such as Q. rubra. Crunkilton et al. (1994) exposed the root zones of seedlings 
of Q. rubra to IBA and described increases in root length, shoot diameter, shoot dry weight, 
and leaf area; and Carlson (1974) observed an increase in the number of lateral roots by 24 
times in seedlings of Q. rubra after exposure to Indole-3-acetic acid (IAA) solution.  
 Little information exists on the morphology of seedlings of Carya spp., other than 
pecan, and on effects of root pruning on seedling shoot and root morphology of North 
American hickories. Often, investigations on the effects of root pruning with coarsely rooted 
species focus on saplings past their first year of growth (McCraw and Smith, 1998) without 
considering modification of seedling root morphology through root pruning shortly after seed 
germination. Furthermore, there has not been any investigation of the effects IBA may have 
on lateral root branching of any Carya species. Our objectives were to quantify the number 
of fibrous first-order lateral roots, branching of the taproot, and shoot development of five 
species of hickory, as well as to determine the effects of root pruning and auxin on root 
morphology and shoot growth. 
Materials and Methods 
 Seeds were collected from wild populations in 2015. C. aquatica and C. tomentosa 
were harvested near Franklin, VA. C. cordiformis and C. laciniosa were gathered in 
Chariton, IA and C. ovata in Ames, IA. Seeds were deemed putatively viable after sinking in 
tap water (Vandevender, 2014) and were sterilized with a 70% ethanol solution and mixed 
with moist, long-fiber sphagnum moss in a plastic bag. Hickories exhibit embryo dormancy 
(Dirr, 2009), and were therefore, placed in a dark cooler for 120 d at 4°C.  
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 After stratification, 50 seeds were removed and sown approximately 5 cm deep 
(Wood, 2003) into rectangular trays that measured 13 cm long ´ 40 cm wide ´ 12 cm tall (25 
seeds per container) filled with SunshineÒLC1 Professional Growing Mix 
(SungroÒHorticulture; Agawam, MA). The seeds were allowed to germinate in a greenhouse 
in Ames. Due to uneven germination rates within and between seed lots, treatments were 
imposed in a staggered pattern. Each day seedlings were inspected for emergence. When 
three seedlings from one seed lot emerged with similar epicotyl heights (each within 2 cm of 
height), treatments were imposed. One seedling was treated as a control (no taproot pruning), 
the second was treated with severe taproot pruning (removal of two-thirds of the taproot), 
and the third was treated with severe taproot pruning plus the application of 3,000 ppm 
Indole-3-butyric-acid via HormexÒ#3 (Maia Products, Inc., Westlake Village, CA). The 
study comprised 12-single plant replicates per treatment and per species (n=180). 
 The taproot of each seedling was pruned using a sterile razorblade. After treatments, 
the seedlings were potted singly into nursery containers that measured 16.5 cm in diameter 
and 17.8 cm deep, filled with SunshineÒLC1 Professional Growing Mix 
(SungroÒHorticulture; Agawam, MA). Plants were randomly assigned to a location within a 
completely randomized block design on a greenhouse bench in Ames, where four Hobo 
pendant sensors (Onset Computer Corporation, Bourne, MA) logged irradiance and 
temperature every 15 min throughout the study. Mean irradiance was 25.5 ± 7.9 mol	m'(s'*. 
Mean temperature was 26.8°C with a range of 15-54.8°C. Humidity was monitored at 10-min 
intervals with an Argus Titan II control system humidistat (Argus Control Systems Ltd., 
Surrey, British Columbia, Canada). Mean humidity was 54.4% with a range of 13.6-85.2%. 
Plants were irrigated twice weekly, once with tap water (pH = 9) and once with a mix of 
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PetersÒExcel (ICL Specialty Fertilizers, Dublin, OH) Formulation A and Formulation B All 
Purpose water-soluble fertilizers (17-5-6, pH = 6.5).  Plants were harvested in a staggered 
pattern that corresponded to the implementation of treatments. Each plant was grown for 75 d 
after treatment initiation. The experiment spanned from 13, Apr. 2016, to 25, July 2016. 
Final growth data were analyzed by analysis of variance and the Tukey’s Honestly 
Significant Difference test with JMP	ProÒ12 software (JMPÒVersion 12. SAS Institute, Inc., 
Cary, NC). 
Results  
 Root pruning and root pruning plus auxin did not affect stem height (Fig. 1), stem 
caliper (Fig. 2), or root dry weight (Table 1). Shoot dry weight was not affected except for C. 
aquatica treated with root pruning plus auxin. These plants exhibited a ≈50% increase in 
shoot dry weight compared with the control (Table 1). Root pruning and root pruning plus 
auxin had variable effects on root morphology. Root pruning plus auxin led to a ≈79% 
increase in the number of fibrous first-order lateral roots of C. laciniosa, when compared to 
plants in the control (Fig. 3). When compared to plants in the root-pruned treatment, 
seedlings of C. ovata treated with root pruning plus auxin resulted in a ≈152% increase in the 
number of fibrous first-order lateral roots (Fig. 3). 
 The morphology of coarse roots was affected by root pruning and by root pruning 
plus auxin (Table 2). Taproots of all seedlings in the two pruning treatments branched, 
whereas branching was minimal among most unpruned seedlings (Table 2). Seedlings with 
root wounds exposed to auxin formed more root branches than seedlings that were not 
exposed to auxin (Table 2). All root branches formed at the site of the pruning wound of the 
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radicle. The branches were coarse, >2 mm in diameter, and similar to the thickness of the 
original taproot.  
Discussion 
 Conflicting evidence dominates the literature regarding the effects of root pruning of 
woody perennials. Generalized statements are not often accurate, because multiple factors 
may affect the types of responses observed. Variable growth responses may result based on 
the timing and severity of root pruning as well as the taxa involved (Gilman, 1990b). 
Previous research has investigated the effects of root pruning on seedlings and transplants of 
C. illinoinensis K. Koch. (pecan).  Zhang et al. (2015) observed both increases and decreases 
in the shoot dry weight of seedlings of C. illinoinensis that were root pruned at different 
stages shortly after germination. Wood (1996) found root pruning did not affect the shoot dry 
weight of three-year-old C. illinoinensis transplants. In our study root pruning alone did not 
affect shoot dry weight (Table 1) in any of the five species of Carya. Root pruning and auxin, 
however, increased the shoot dry weight of C. aquatica without affecting the shoot dry 
weight of the other four species. This increase in the shoot dry weight of C. aquatica (Table 
1) aligns with the findings of Crunkilton et al. (1994) who observed increases in the shoot 
dry weight of seedlings of Q. rubra grown in potting medium infused with IBA. Similar to 
the findings of Wood (1996), with three-year-old transplants of seedlings of C. illinoinensis, 
and Harris et al. (2001), who worked with seedlings of Quercus palustris Münchh (pin oak), 
we observed the formation of taproot branches at the site of the pruning wound. The number 
of taproot branches varied among species and between the two pruning treatments. Both C. 
laciniosa and C. ovata responded to root pruning plus auxin with increased numbers of 
fibrous-lateral roots when compared to the control and root-pruned treatment, respectively. 
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This observation aligns with the findings of Prager and Lumis (1983) who observed 
increased numbers of lateral roots of Acer saccharum Marsh. (sugar maple) and Q. rubra 
after treating root wounds with 3,000 ppm IBA in a liquid spray.  
 Although the taxa involved in this study each belong to the same genus, the results of 
this experiment suggest that their growth responses to both root pruning and root pruning 
plus auxin shortly after germination are unique. Our study presents several observations of 
hickory growth that have not been previously investigated and do not correspond exactly 
with the responses of root pruned C. illinoinensis. This information offers insight on the 
relationships between closely related taxa and their responses to root pruning and root 
pruning plus auxin. Furthermore, this research may aid nursery growers because it suggests 
that root pruning plus auxin can positively affect the morphology of the roots and the shoot 
for some hickories. Specifically, root pruning and auxin can increase the shoot dry weight of 
C. aquatica and increase the number of fibrous first-order lateral roots of C. laciniosa. Root 
pruning alone may decrease the number of fibrous first-order lateral roots of C. ovata, 
however, comparatively, they are increased with pruning combined with auxin. Both root 
pruning and root pruning plus auxin can increase the number of taproot branches for each of 
the taxon studied. The implications of this information are useful for horticulture because 
they infer that production decisions regarding root pruning of coarsely rooted plants should 
likely consider each taxon separately. Additionally, growers should consider the use of IBA, 
which may positively alter the morphology of the roots and the shoot when compared to 
traditional root pruning alone. Further investigation of coarsely rooted taxa belonging to the 
same genus may corroborate the theme we observed with Carya and may enhance their 
production at the taxon level in the nursery.  
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Fig. 2-1. Mean stem height of five hickory species by treatment. Means with same letter are 
not different according to Tukey’s HSD test (P ≤ 0.05). Although data were 
transformed to square roots for analysis, non-transformed values are presented.  
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Fig. 2-2. Mean stem caliper of five hickory species by treatment. Means with same letter are 
not different according to Tukey’s HSD test (P ≤ 0.05). Although data were 
transformed to square roots for analysis, non-transformed values are presented. 
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Fig. 2-3. Mean fibrous first-order lateral root count of five hickory species by 
treatment. Means with same letter are not different according to 
Tukey’s HSD test (P ≤ 0.05).  
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z	Radicle was not pruned. 
 
y	Two-thirds of the total length of the radicle was pruned. 
 
x	Two-thirds of the total length of the radicle was pruned with the subsequent 
application of auxin to the wound. 
 
	 w	Means with same letter are not significantly different according to Tukey’s HSD 
test (P ≤ 0.05). Numbers were transformed to square roots for analysis. Actual dry 
weight values are presented.  
 
Table 2-1. Shoot and root dry weight of five hickory species by treatment. Values are 
means of 12 replicate seedlings grown for 75 days in a greenhouse in Ames, Iowa.   
Although data were transformed to square roots for analysis, non-transformed first- 
order lateral root values are presented.  
    
Taxon Treatment  Shoot dry weight 
(g)	w 
Root dry weight (g)	 
 
C. cordiformis Control	z   0.9	e	     2.4 cd 
 Root Prune	y      1.1 de     1.7 cd  
 Root Prune & Auxin	x    0.8 e     1.4 cd  
    
C. laciniosa Control      3.9 ab   6.9 a 
 Root Prune      4.0 ab      5.1 ab 
 Root Prune & Auxin         3.6 abc     5.0 ab 
    
C. tomentosa Control      1.7 de      3.1 bc 
 Root Prune      1.4 de      2.1 cd 
 Root Prune & Auxin       2.0 cd      2.3 cd  
    
C. ovata Control      1.1 de      2.3 cd 
 Root Prune               0.8 e   1.2 d 
 Root Prune & Auxin       1.0 de    1.3 d 
    
C. aquatica Control      3.6 bc     4.9 ab 
 Root Prune      4.7 ab     5.0 ab 
 Root Prune & Auxin     5.3 a   5.2 a 
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Table 2-2. Effect of root pruning and root pruning with auxin applied to the wound on the 
number of taproot branches of five species of hickory. Means followed by the same letter are 
not different according to Tukey’s HSD Test.  
Treatment	 C.	cordiformis	 C.	laciniosa	 C.	tomentosa	 C.	ovata	 C.	aquatica	
Controlz	 		0.3	wef	 0.0	f	 0.2	ef	 	0.2	ef	 0.3	ef	
Root	pruney	 			2.4	bcd	 			4.0	ab	 			2.8	bcd	 			1.6	def	 			1.9	cde	
Root	prune	&	auxinx	 			3.0	bcd	 	5.2	a	 			3.5	abc	 	5.1	ab	 			2.5	bcd	
	
z	Radicle was not pruned.   
 
y	Two-thirds of the total length of the radicle was pruned. 
 
x	Two-thirds of the total length of the radicle was pruned with the subsequent application of 
auxin to the wound. 
 
w	Mean number of primary branches from the taproot across the treatment for a species. 
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CHAPTER 3. DEGREE AND TIMING OF ROOT PRUNING INFLUENCE ROOT 
DEVELOPMENT OF SEEDLING BITTERNUT HICKORY 
Brandon M. Miller and William R. Graves 
A manuscript intended for submission to HortTechnology 
 Abstract  
 Carya cordiformis K. Koch (bitternut hickory) offers traits favored for trees used in 
urban forests and other managed landscapes, where it could replace Fraxinus L. (ash). 
Hickories nonetheless often are overlooked due to claims of resistance to transplanting, a 
supposed result of dominant taproots and minimal development of lateral roots. Root pruning 
is used to modify coarse root systems and to prevent circling roots in containers, though the 
ideal timing and extent of root removal are unknown for many taxa, including bitternut 
hickory. We examined the effects of the timing and extent of root pruning on root 
morphology and shoot development of one-year-old seedlings of bitternut hickory. Our 
hypothesis was that moderate root pruning during dormancy would increase fibrous (<2 mm 
diameter) first-order lateral roots and coarse roots arising from the pruning wound (taproot 
branches) without restricting the development of the shoot. The distal one-third (moderate) or 
two-thirds (severe) of the taproot was removed either when plants were dormant or when 
buds were swollen; these two times of pruning were compared because the annual initiation 
of root growth occurs before bud break. Stem height and caliper, first-order lateral roots, 
taproot branches, and shoot and root dry weights were quantified 183 days after roots were 
pruned. Moderate pruning did not reduce the weight of the shoot or the root system of plants 
pruned at either stage of development. Moderate and severe pruning led to one to three and to 
zero to three taproot branches, respectively. Root pruning did not increase the mean number 
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of first-order lateral roots, regardless of the timing and extent of pruning. Severe taproot 
pruning when buds were swollen reduced caliper and height of shoots, number of first-order 
lateral roots, as well as the shoot and root dry weight. These effects did not manifest for 
plants treated when dormant. We conclude that moderate root pruning during dormancy or 
when buds are swollen, as well as severe root pruning during dormancy, induces taproot 
branches of one-year-old seedlings of bitternut hickory. Over time, these taproot branches 
may lead to desirable architecture of container-grown plants.  
 Introduction  
Bitternut hickory is native to a broad area of North America and can be grown in 
USDA zones 4-9 (Dirr, 2009). The species tolerates various soil conditions and presents a 
brilliant yellow autumnal display. This taxon could replace ash (Fraxinus L.) in many 
landscape applications. Horticultural use of hickories (Carya Nutt. spp.) is limited by claims 
of difficulty with transplanting due to taproots. However, not all hickories may develop 
similarly, and Burns and Honkala (1990) claimed bitternut hickory may transplant more 
readily than its congeners. Experimental evidence is needed to substantiate or refute claims 
made about root development of the hickories.  
Root pruning is a controversial treatment because of variable results for different 
taxa. The goal of the technique is often to modify the morphology of root systems of taxa that 
traditionally resist transplanting and to prevent circling roots in containers. Root pruning has 
been used for coarsely rooted species to encourage first-order lateral roots from which fine 
roots may develop, especially after transplanting (Schultz and Thompson, 1990). Root 
morphologies that result from root pruning may positively influence transplant success and 
long-term tree success (Mullin, 1966; Gilman, 1990b). These morphologies include coarse 
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branches of the taproot and increased numbers of fine-lateral roots. Because responses to root 
pruning vary among species, research is needed to determine when, how often, and how 
much to prune (Gilman, 1990b). For example, contradictory reports exist on the effects of 
root pruning on tree height. Woodroof and Woodroof (1934) provided evidence that the 
height of Carya illinoinensis can increase as a result of root pruning, however, other studies 
suggest root pruning has no effect on the height of this species (Wood, 1996). 
 Root growth may occur in different annual patterns among species, however, growth 
of roots of most woody plants precedes shoot growth in the spring (Gilman, 1990a). 
Therefore, the exact timing of root pruning may greatly influence the root and shoot 
development responses. Root growth of pecan (Carya illinoinensis K. Koch.) is initiated 
immediately before seasonal shoot development (Burns and Honkala, 1990). Studies on the 
effects of root pruning on pecan have been performed shortly after germination (Zhang et al., 
2015) as well as throughout multiple years of growth (Wood, 1996). These studies suggest 
pruning affects the morphology of root systems, primarily by encouraging root formation at 
the site where the taproot was pruned. With no clonal selections of bitternut hickory for 
landscape use, trees are produced from seed, but no information is available on effects of 
pruning roots of young plants. This information is critical for optimizing production practices 
during early development. 
 Because the source-sink relationship changes as woody plants develop we questioned 
how root pruning during dormancy or at bud swell affect root regeneration and shoot growth 
of bitternut hickory. The objective of this study was to determine if the degree and timing of 
root pruning one-year-old seedlings of bitternut hickory 1) affects morphological traits of 
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root systems associated with greater transplant success and 2) leads to changes in the 
development of shoots. 
 Materials and Methods 
 
Seeds of bitternut hickory were collected in 2014 from trees on the campus of Iowa 
State University, Ames. Putatively viable seeds, those that sank in tap water (Vandevender, 
2014), were sterilized with a 70% ethanol solution and mixed with moist, long-fiber 
sphagnum moss in a plastic bag. Because the hickories exhibit embryo dormancy (Dirr, 
2009), the bag with seeds was placed in a dark cooler for 120 days at 4°C. After 
stratification, 100 seeds were removed and sown approximately five cm deep (Wood, 2003) 
into two containers that measured 27.3 cm in diameter and 27.94 cm deep, (50 seeds per 
container) filled with SunshineÒLC1 Professional Growing Mix (SungroÒHorticulture; 
Agawam, MA, U.S.). The seeds were allowed to germinate and then grown with twice-
weekly irrigations of tap water outdoors in a nursery through the 2015 growing season. 
Seedlings overwintered in a cooler at 4°C beginning on October 22, 2015.   
One container was removed from the cooler on May 9, 2016 and kept in the nursery 
for two weeks. These seedlings were allowed to de-acclimate before those in the other 
container so that pruning treatments performed on May 23 would be imposed on both fully 
dormant plants and on plants with swollen buds. Treatments were no pruning (control) and 
pruning one-third (moderate pruning) or two-thirds (severe pruning) of the total length of the 
taproot (Zhang et al., 2015). The taproot of each seedling was pruned individually because 
taproot length varied among seedlings. The study comprised 11-single plant replicates per 
treatment (n=66). After treatments, the seedlings were potted singly into nursery containers 
that measured 16.51 cm in diameter and 17.78 cm deep, filled with SunshineÒLC1 
 
 
 
60 
Professional Growing Mix (SungroÒHorticulture; Agawam, MA, U.S.) and arranged in a 
completely random design on a greenhouse bench in Ames, where a quantum sensor logged 
photosynthetically active radiation (PAR) throughout the study.  Mean PAR was 70.5 
µmol	m'(s'* (range = 0-1491 µmol	m'(s'*). Air temperature and humidity were monitored 
with an Argus Titan II control system (Argus Control Systems Ltd., Surrey, British 
Columbia, Canada). Means were 23°C and 70.2% with ranges of 19.1-31.8°C and 20.2-91%. 
Plants were irrigated twice weekly, once with tap water (pH = 9) and once with a mix of 
PetersÒExcel (ICL Specialty Fertilizers, Dublin, OH, U.S) Formulation A and Formulation B 
All Purpose water soluble fertilizers (17-5-6, pH = 6.5).  
 Growth data collected included the caliper, shoot height, number of taproot branches, 
number of fibrous first-order lateral roots, as well as the root and shoot weight. Final growth 
data were analyzed by analysis of variance and the Tukey’s Honestly Significant Difference 
test using JMP	ProÒ12 software (JMPÒVersion 12. SAS Institute, Inc., Cary, NC, U.S.). 
Results   
 
 Mean caliper was not different between the root pruned control plants for the dormant 
and bud swell groups. Moderate root pruning did not have an effect on the caliper at either 
stage of development. Severe root pruning affected the caliper of the bud swell group with a 
23% decrease compared to the bud swell control (P-value = .0451). Mean height (Figure 1) 
was not different between the two control groups. Height was not affected by moderate 
pruning at either stage. Severe pruning of the bud swell group resulted in a 20% decrease 
compared to the bud swell control (P-value = .0314). Taproot branches (Table 1) formed 
with both moderate and severe taproot pruning of dormant plants. Both of these pruning 
treatments resulted in at least one taproot branch, while the maximum taproot branches 
 
 
 
61 
(three) were observed with severe pruning. A similar pattern was observed with plants that 
had swollen buds, however, some plants at this stage treated with moderate and severe 
pruning did not form any taproot branches. None of the treatments increased the number of 
fibrous first-order lateral roots (Table 1). Moderate pruning did not affect the number of 
fibrous first-order lateral roots at either stage of development. Severe pruning did not affect 
the dormant group; however, it did affect the plants with swollen buds which formed 50% 
less fibrous first-order lateral roots compared to the bud swell control (P-value = .0086). 
There was an average of 46% less fibrous first-order lateral roots of the severely pruned 
plants with swollen buds compared to the severely pruned dormant plants (P-value = 
0.0376). Shoot weight (Figure 2) was only affected in the severely pruned bud swell group 
with a 40.4% decrease compared to the moderately pruned plants with swollen buds (P-value 
= .0478). Root weight (Figure 3) was not affected by moderate pruning of either stage. Both 
severely pruned dormant and bud swell groups were affected. Compared with the dormant 
control, the severely pruned dormant plants experienced a 58.8% decrease (P-value = 
0.0012) in root weight. Compared to the bud swell control, the mean root weight of the 
severely pruned bud swell plants decreased by 65% (P-value = 0.0006).  
Discussion 
 Identifying the shoot and root growth responses of different taxa to root pruning at 
different stages of development can influence how woody nursery crops are produced. 
Unfortunately, this information is lacking for many taxa of interest. When compared to other 
research, our study supports the observation that growth responses to root pruning are 
variable for different taxa, especially when the amount of root pruning and timing of the 
procedure are considered. The shoots and roots of our plants treated with moderate pruning 
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were not affected at either stage of development, thus refuting our original hypothesis. The 
timing of the severe pruning impacted growth. Plants that were dormant and treated with 
severe taproot pruning were not affected in any response category except for final root 
weight. Conversely, plants that received severe pruning of the taproot while at the bud swell 
stage were affected in each response category. Gilman and Kane (1990) studied the effects of 
root pruning field-grown Magnolia grandiflora L. (southern magnolia) and found decreases 
in both the caliper and height of pruned trees compared with the control. This trend was 
observed with our severely pruned seedlings at the bud swell stage.  
 A non-significant increase in the mean shoot weight of plants moderately pruned 
during bud swell was observed. While this observation does not have any impact from a 
production perspective, it may provide insight on the physiological mechanisms that 
influence the growth responses to root pruning. The lack of variability in shoot dry weight of 
seedlings of Carya cordiformis is different from the findings of Zhang et al. (2015) who 
observed both increases and decreases in mean shoot dry weight of recently germinated 
seedlings of Carya illinoinensis, associated with pruning at different growth stages. Our 
results align with the findings of Wood’s (1996) investigation on transplants of Carya 
illinoinensis in that both studies found severe root pruning of dormant plants does not affect 
growth. Similar to the results of Harris et al. (2001) with their investigation of root pruning of 
seedlings of Quercus palustris Münchh (pin oak), root pruning promoted lateral root 
formation of roots >2mm in diameter. In our study, both moderate and severe taproot pruning 
affected root morphology by also promoting the development of taproot branches.  
 The results of this experiment suggest that one-year old bitternut seedlings can 
tolerate both moderate and severe taproot pruning and that the timing of the latter can 
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negatively impact growth. Moderate pruning of the taproot can be performed through late 
winter dormancy and up to bud break without any significant reductions in shoot or root 
growth. Furthermore, severe taproot pruning does not reduce shoot and root growth, besides 
root weight, if performed during late dormancy, but not during bud swell.  
 It is useful to know that seedlings can endure various degrees of taproot pruning and 
continue to perform similarly to un-pruned plants for production purposes. Growers may 
utilize this information during spring transplanting to 1) optimize root and shoot growth, 2) 
promote coarse-root branching, and 3) eliminate potential root binding.  
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Fig. 3-1. Mean shoot height by treatment. 
Standard error shown with one 
deviation from the mean.  Means with 
same letter are not significantly 
different according to Tukey’s HSD 
test (P ≤ 0.05). n = 11.  
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Fig. 3-2. Mean shoot dry weight by treatment. 
Standard error shown with one 
deviation from the mean. Means with 
same letter are not significantly 
different according to Tukey’s  HSD 
test (P ≤ 0.05). n = 11.  
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               Treatment Effects on Root Dry Weight
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Fig. 3-3. Mean root dry weight by treatment. 
Standard error shown with one 
deviation from the mean.  Means with 
same letter are not significantly 
different according to Tukey’s HSD 
test (P ≤ 0.05). n = 11.  
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Table 3-1. Effects of root pruning severity and timing on root morphology; n = 11. 
 
 
Treatment First-order laterals	z Taproot branches	y 
Stage Pruning 
 
Mean 
 
Range 
 
Mean 
 
Range 
Dormant 
Control 66    a 18-84 0    b 0-0 
Moderate 58.5 ab 19-108 1.4 a 1-2 
Severe 59.9 a 19-128 2.1 a 1-3 
Bud Swell 
 
Control 65.2 a 39-92 0    b 0-0 
Moderate 58.9 a 36-92 1.5 a 0-2 
Severe 32.1 b 7-57 1.5 a 0-3 
	
	
z	Fibrous first-order lateral roots (<2mm in diameter).	
 
y	Coarse roots formed at the taproot wound site (>2mm in diameter). 
 
x	Means with same letter are not significantly different according to Tukey’s HSD test (P ≤ 
0.05). 
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CHAPTER 4. TWO HICKORY SPECIES ENDEMIC TO BOTTOMLAND SITES ARE 
TOLERANT OF VARIABLE ROOT-ZONE MOISTURE 
Brandon M. Miller and William R. Graves 
A manuscript intended for submission to HortScience 
Abstract 
 
 Identifying taxa tolerant of a wide range of root-zone moisture contents can enhance 
the selection of woody plants for horticultural use. Species endemic to bottomland sites are 
sometimes more tolerant to various soil moisture regimens than their upland counterparts. 
The hickories are stately trees, and interest exists in their production. Culture of hickories is 
mainly focused on the more widely recognized taxa endemic to upland sites. The use of taxa 
important for nut production, such as Carya illinoinensis K. Koch., is limited on sites that 
flood. Species known to inhabit bottomland sites may offer more flexibility in extreme 
environments. We examined the effects of flooding and drought on the photosynthetic rate, 
stem water potential, and biomass of seedlings of Carya aquatica (F. Michx.) Nutt. and 
Carya laciniosa (F. Michx.) Loudon. Both taxa were exposed to three treatments of flooding 
by inundating different extents of root zones with water as well as three treatments of 
drought by allowing root zones to dry to specific root-zone moisture levels by volume (5%, 
10%, and 20%) before irrigation. Mean photosynthetic rates were affected by the treatments, 
but were not different between the two species. Stem water potential was different between 
Carya aquatica and Carya laciniosa in the complete inundation treatment. Both species 
formed hypertrophied lenticels along the stem as a reaction to complete inundation.  The 
results of this study suggest that both species are similarly tolerant to drought and variable 
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degrees of root-zone flooding, however, C. aquatica exhibited a decreased stem water 
potential after complete inundation than did C. laciniosa. 
Introduction 
 The hickories are deciduous woody perennials (Elias, 1980) with significant value for 
horticulture. One taxon within the genus, Carya illinoinensis K. Koch. (pecan), is widely 
used for nut production (Elias, 1980). Only a few of its close relatives exhibit potential as nut 
crops and modern production is minimal (Thomas, 2015). Many taxa within the genus do, 
however, offer characteristics for ornamental application (Dirr, 2009). Production of 
hickories is minimal due to issues associated with their taproot-dominant root morphology 
with minimal lateral branching. Although each species produces a protuberant taproot 
(Thompson and Grauke, 1991), recent research suggests that the formation of lateral roots 
varies among species and that some species respond to techniques that alter root-system 
morphology. These taxa include Carya aquatica and Carya laciniosa, respectively, which 
often occupy bottomland environments in nature but also occur on drier sites or locations 
with extreme seasonal fluctuation in soil moisture (Thompson and Grauke, 1991). The 
recognition of woody plant species tolerant to root-zone moisture extremes can enhance the 
selection of resilient plants for urban sites (Nash and Graves, 1993). Although the tolerance 
of a taxon to soil-moisture conditions may not be fully indicated by where the taxon occurs in 
the wild (Peterson and Graves, 2013), woody plants that inhabit bottomlands are often 
tolerant of various soil-moisture conditions, an important trait for both urban trees and nut 
crops. For example, Nash and Graves (1993) concluded that the bottomland species 
Magnolia virginiana L. and Taxodium distichum (L.) Rich tolerate both root-zone inundation 
and drought, which are common in urban sites. Carya illinoinensis generally survives 
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drought, however, pecan orchards may suffer from seasonal flooding, an issue that may be 
avoided when trees are grafted to rootstocks tolerant of variable soil moisture (Sparks, 2005). 
If C. aquatica and C. laciniosa tolerate a wide range of soil moisture, their use may be 
warranted as superior landscape selections and interspecific rootstocks (Grauke and O’Barr, 
1996; Thomas, 2015) for both ornamental application and nut production.  
 Besides observations of wild plants, minimal information exists describing the 
tolerance of these species to root-zone moisture. This information would aid those who 
culture hickories in nurseries and would inform the unexploited horticultural application of 
C. aquatica and C. laciniosa. Therefore, the objective of this study was to characterize the 
responses of seedlings of these taxa to both drought and flooding.  
Materials and Methods 
 Seeds were collected from wild populations in October of 2015. C. aquatica was 
harvested along the Nottoway River near Franklin, VA, and C. laciniosa was harvested in a 
low-lying area adjacent to the Chariton River near Chariton, IA. After removing husks, seeds 
were sterilized with a 70% ethanol solution and mixed with moist, long-fiber sphagnum moss 
in a plastic bag. Seeds were placed in a dark cooler for 120 d at 4°C to overcome embryo 
dormancy (Dirr, 2009). In the spring of 2016 seeds were sown 5-cm deep (Wood, 2003) in 
trays that measured 13 cm long ´ 40 cm wide ´ 12 cm tall (25 seeds per container) filled 
with SunshineÒLC1 Professional Growing Mix (SungroÒHorticulture; Agawam, MA). After 
germination in a greenhouse, seedlings were removed and potted singly into containers that 
measured 15 cm in diameter and 14 cm deep, filled with SunshineÒLC1 Professional 
Growing Mix. Plants were grown in a greenhouse in Ames, IA, until September 2016, when 
they were moved outdoors into a nursery to begin acclimating to winter conditions. While in 
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the greenhouse, plants were irrigated twice weekly, once with tap water (pH = 9) and once 
with a mix of PetersÒExcel (ICL Specialty Fertilizers, Dublin, OH) Formulation A and 
Formulation B All Purpose water-soluble fertilizers (17-5-6, pH = 6.5). Plants were irrigated 
with tap water twice weekly in the nursery. After leaf senescence, plants were placed in a 
dark cooler at 4°C. On 13 January 2017, the plants had received approximately 1300 chilling 
units and were placed in greenhouse with 16-hr supplemental lighting to begin 
deacclimation.  
 After 25 d of deacclimation plants, were randomly assigned to a treatment and placed 
in a completely randomized design on a greenhouse bench. The study comprised 6-single 
plant replicates per treatment and per species (n=72). There were six treatments, three extents 
of flooding and three drought regimens. In the drought treatments, plants were watered to 
container capacity with tap water when the potting medium reached 5%, 10%, or 20% 
moisture by volume. The latter treatment, which kept the drained medium uniformly moist, 
was considered a control because it mimicked how most plants are cultured in nurseries. The 
flooding treatments entailed placing the plants in individual plastic liners that measured 21 
cm in diameter and 15 cm in depth and filled with tap water up to one-third or two-thirds the 
depth of the potting medium or completely inundated to 1 cm above the medium. Plant 
height was measured at the beginning of the experiment. The moisture of the root zone for 
each plant was monitored daily by inserting an HH2 Theta Probe (Delta-T Devices, 
Cambridge, U.K.) into the surface of the potting medium. Treatments were imposed for 44 d. 
A quantum sensor logged photosynthetically active radiation (PAR) throughout the study. 
Mean PAR was 103.6 ± 82 µmol	×	m'(×	s'*. Air temperature and relative humidity were 
monitored with an Argus Titan II control system humidistat (Argus Control Systems Ltd., 
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Surrey, British Columbia, Canada). Means were 23°C (range of 21-25°C) and 28 ± 7.5%. On 
23 March 2017, a LI-6400 photosynthesis system (LI-COR, Inc., Lincoln, NE, U.S.) with a 
reference CO2	of 400 µL×L'* and 1000 µmol×	m'(× s'* PAR was used to measure the 
photosynthesis of the terminal leaflet of the youngest, fully expanded leaf. Soil moisture was 
documented immediately before the measurement. Immediately following, the water 
potential of the stem directly adjacent to the youngest, fully expanded leaf was measured 
with a pressure chamber (PMS Instrument Co., Albany, OR). Total leaf surface area was 
measured with a LI-COR 3100 leaf area meter (LI-COR, Inc.). Shoot growth was determined 
by comparing the final height by the initial height of each plant. Soil moisture, 
photosynthetic rate, water potential, and final height were measured for all plants between 11 
AM and 6 PM.  
 Final growth data were analyzed by analysis of variance and the Tukey’s Honestly 
Significant Difference test using JMP ProÒ12 software (JMPÒVersion 12. SAS Institute, 
Inc., Cary, NC). 
Results  
 Root dry weight (P £ .0007), shoot dry weight (P £ .0002), photosynthetic rate (P £ 
.0001), and stem water potential (P £ .001) (Figure 4-1) differed between the species. Mean 
root and shoot dry weights were averaged because they were not different across treatments. 
Mean root and shoot dry weights were 6.3 g and 5.82 g for Carya aquatica and 6.26 g and 
3.68 g for Carya laciniosa. Photosynthetic rate varied among moisture treatments (P £ 
.0011). There was no species-by-treatment interaction for photosynthetic rate, root and shoot 
dry weight, leaf surface area (Figure 4-2), or shoot growth. Because they were not different 
the means for shoot growth were averaged across treatments. Mean shoot growth was 3.57 
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cm and 4.83 cm for Carya aquatica and C. laciniosa, respectively. The lowest leaf surface 
areas for each species were observed with Carya laciniosa (44.73 cm2) in the complete 
inundation treatment and for Carya aquatica (244.31	cm2) in the most extreme drought 
treatment. An interaction was detected for stem water potential (P £ .0039). The reduction of 
stem water potential in response to complete inundation was more pronounced for plants of 
C. aquatica than for plants of C. laciniosa. Approximately half of the plants of both species 
in the completely inundated treatment formed hypertrophied lenticels on the portion of the 
main stem that was under water. Most plants of Carya laciniosa in any of the three flooding 
treatments developed hypertrophied lenticel-like formations along portions of the taproot 
submerged in water. Three plants of Carya laciniosa in the most extreme flooding treatment 
formed shoots from below the cotyledon scar. 
Discussion 
 Little to no information exists within the literature regarding the tolerance of most 
hickory taxa to drought and flooding. Parker et al. (1982) provided evidence that the upland 
species Carya tomentosa (Lam.) Nutt. exhibits drought-avoidance mechanisms to remain 
competitive in situ. Carya illinoinensis has been described as phreatophytic, scavenging 
moisture in deep soil horizons via taproots (Sparks, 2005). Whether these findings apply to 
other Carya species has been unknown; no studies have been conducted to determine if C. 
aquatica and C. laciniosa are tolerant of drought or rely on drought-avoidance mechanisms. 
Furthermore, observations of C. laciniosa inhabiting sites with periodic flooding do not 
adequately compare the flood tolerance of this taxa with the flood tolerance of a species like 
C. aquatica, which may inhabit sites with inundated soils for much of the year. Schrader et 
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al. (2005) demonstrated that not all woody taxa within a genus respond similarly to flooding 
and drought.  
 Our study provides several new observations of the root-zone moisture tolerance of 
C. aquatica and C. laciniosa. Our results suggest that these two taxa are similarly tolerant to 
drought and flood in container culture, however, Carya aquatica was slightly more tolerant 
to complete inundation. The only difference in tolerance to complete inundation was 
observed in the stem water potential. Carya laciniosa exhibited a greater stem water potential 
(-1.34 MPa) than C. aquatica (-0.67 MPa) in response to the treatment. This may suggest that 
the roots of Carya laciniosa were not functioning optimally while completely flooded and 
that C. aquatica was more tolerant of the inundated root-zone. Although the mean 
photosynthetic rates were not different between taxa in the complete-inundation treatment, C. 
laciniosa exhibited a negative value. This may suggest that the plants were undergoing 
photorespiration at an increased rate in response to the treatment (Chastain et al., 2014). The 
reduced photosynthesis we observed during flooding aligns with research with seedlings of 
C. illinoinensis (Loustalot, 1945; Smith and Ager, 1988; and Smith and Huslig, 1990).  
 Both taxa displayed morphological modifications that support the conclusion that 
they are well-adapted to exposure to moisture fluctuations. Plants of C. laciniosa exhibited 
unusual formations along the taproot suggestive of hypertrophied lenticels. This combined 
with the observation of plants of Carya laciniosa developing shoots below the cotyledon scar 
may offer insight on the anatomical composition of the taproot. Carya aquatica and Carya 
laciniosa merit further investigation into their physiological limitations and horticultural 
application.  
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Figure 4-1. Photosynthetic rate (µmol×	m'(×s'* ) and stem water potential (-MPa) of plants 
of Carya aquatica and Carya laciniosa grown for 44 days under six regimens of root-
zone moisture. Each data point represents the mean of six single-plant replications. 
The first three treatments (from left to right) are the drought treatments in which 
plants were watered to container capacity when the root zone reached the respective 
moisture level. The final three treatments (from left to right) are the flooding 
conditions in which plants were maintained in saucers and the lowest one-third of the 
container (Low), lowest two-thirds of the container (Moderate), or entire container 
(Inundation) were inundated with tap water. 
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Figure 4-2. Leaf surface area (cm() of plants of Carya aquatica and Carya laciniosa grown 
for 44 days under six regimens of root-zone moisture. Each data point represents the 
mean of six single-plant replications. The first three treatments (from left to right) are 
the drought conditions in which plants were watered to container capacity once the 
root-zone reached the respective moisture level. The final three treatments (from left 
to right) are the flooding conditions where plants were maintained in saucers and the 
lowest one-third of the container (Low), lowest two-thirds of the container 
(Moderate), or entire container (Inundation) were inundated with tap water. 
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CHAPTER 5. GENERAL CONCLUSIONS AND FUTURE RESEARCH 
General Conclusions 
 Diversity in the species of woody plants that comprise managed landscapes is a 
necessity. Many underutilized taxa exist and are not produced in the nursery trade. The 
hickories include 13 species endemic to the United States with outstanding ornamental 
appeal, however, they are not grown due to issues associated with the formation of a taproot 
and slow shoot development. I hypothesized that root pruning and root pruning plus auxin 
could alter this root morphology without curtailing shoot development of seedlings of Carya 
aquatica, Carya cordiformis, Carya laciniosa, Carya ovata, and Carya tomentosa.  
 I discovered that species of hickory develop differently from germinated seeds. The 
results suggest that root pruning and root pruning plus auxin do not stunt the development of 
the shoot. Furthermore, the morphology of roots can be altered with root pruning and root 
pruning plus auxin by inducing taproot branches in each species, and, for Carya laciniosa, 
treatments may induce increased numbers of fibrous, first-order lateral roots. We recommend 
root pruning and the application of auxin to seedlings of these species to encourage increased 
taproot branches and, for Carya laciniosa, fibrous, first-order lateral roots.  
 The application of root pruning in horticulture is a debated topic with variable results 
reported for different taxa. Furthermore, the details required for the successful application of 
this technique have not been provided previously. Many factors can influence the 
effectiveness of root pruning, including the timing, the amount of root pruning, and the stage 
of development of the plant. I examined the effects of the amount of root pruning and the 
timing it was carried out on one-year-old, container-grown Carya cordiformis. The results 
suggest that one-year-old Carya cordiformis tolerate of both moderate and severe taproot 
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pruning when dormant. If severe pruning of the taproot is implemented when the buds of the 
plants begin to swell in the spring, root and shoot growth may decrease. I therefore 
recommend moderate to severe taproot pruning (removing one-third to two-thirds of the 
distal portion of the taproot) of completely dormant, one-year old plants to encourage taproot 
branches and, if present, remove circling roots in container culture.   
 The tolerance of woody plants to extreme root-zone moistures is an important trait for 
taxa intended for use in urban environments. Advantages may also exist in using these traits 
when selecting rootstocks. Little information exists on the capacity of taxa within the genus 
Carya to tolerate these extremes. I have established that young plants of Carya aquatica and 
Carya laciniosa respond similarly to both drought and flood in container culture. However, 
Carya aquatica may be better suited to tolerating complete inundation of the root zone than 
Carya laciniosa. These species belong to different subgenera of the North American 
hickories. This may prove useful for grafting compatibility with these taxa as rootstocks for 
other hickories in the context of nursery and nut-crop applications.  
 We conclude that the hickories as a group should be embraced as viable options for 
use in horticulture. Each taxon inhabits a specific niche and may offer traits advantageous for 
ornamental application throughout the majority of the United States.  
Future Research 
 Although the hickories are largely American species, and one species is a major nut 
crop around the globe, innumerable questions remain regarding the production and use of 
these plants. Future research should examine the effects of root pruning of other hickory taxa. 
In addition, effects and efficacy of root pruning on health, growth, and quality of hickory 
trees over long periods of time and at different stages of development. With 18 species of 
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hickory worldwide, considerable genetic variation exists that can be evaluated to select 
superior plants for urban landscapes. Methods of asexual propagation will need to be 
established for the production of superior clones. Shoot cuttings and grafting are possible, but 
the techniques require refinement for reliability. Many hickories appear to exhibit the ability 
to regenerate from root tissue. This mechanism should be studied for two reasons. First, this 
may aid the successful development of asexual propagation protocols. Second, it is possible 
that vigorous adventitious shoots arising from root tissues may exhibit more vigorous growth 
than the stems of seedlings, and may be taken advantage of to enhance the rapid production 
of these trees in the nursery.  
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APPENDIX A  
INVESTIGATIONS OF PROPAGATION TECHNIQUES FOR CARYA  
Introduction 
 The successful introduction of hickory in the nursery industry will rely heavily on the 
cost, ease, and reliability of propagation techniques. Where interest exists in growing these 
plants for the landscape, growers use seed-grown plants. While seed-grown plants offer 
advantages from a production and landscape perspective, there are also drawbacks. These 
include the availability of high-quality seed from year-to-year, as well as the slow, 
determinate growth of seedlings.  
 Compared with methods such as grafting, propagation by cuttings is cheaper on a per-
unit basis. A review of the literature reveals a lack of information and protocols for 
successful propagation. If superior clones are to be developed, protocols for asexual 
propagation need to be established. Variable success has been documented in the closely 
related pecan. Reports of successful adventitious root development through dormant 
hardwood cuttings and etiolated shoots, however, suggest that it may be possible to use 
cuttings to produce hickories. 
 Preliminary data collected in the spring of 2016 resulted in 22% rooting of cuttings 
from etiolated and blanched shoots of juvenile Carya cordiformis treated with 3,000 ppm 
IBA (Figure 1). I questioned if a higher rate of rooting could be achieved with variable rates 
of IBA after etiolation and blanching with other taxa. I also questioned if common bench-
grafting techniques could be applicable for the production of superior selections. I conducted 
four experiments to investigate various asexual propagation techniques for hickory species 
that offer unique landscape attributes such as hardiness, adaptability, and superior ornamental 
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qualities. The objectives of these studies were to determine: 1) the viability of modified 
etiolation techniques for cuttings, 2) the viability of bench grafting various hickory species, 
3) how the rate of IBA affects adventitious root formation, 4) if bottom-heat aids callus and 
adventitious root formation in dormant hardwood cuttings, and 5) if certain species or 
populations are more amenable to bench grafting than others.  
Experiment 1 
 Fruits were collected on October 25, 2015, from an upland population of Carya 
tomentosa adjacent the Nottoway River near Franklin, Virginia. Fruits were stored at room 
temperature in sealed plastic bags until they were sanitized and placed in stratification. On 
October 28, 2015, the husks of the fruit were removed and the seed was sanitized in a 70% 
ethanol solution. The seed underwent a 48-hour soaking in buckets of tap water with water 
changes twice daily. Seed were stored in moistened long-fibered sphagnum moss in a large 
plastic bag and stratified in a cooler at 4°C. In the spring, seeds were removed from 
stratification and communally placed into shallow trays for germination. Seedlings were 
grown in a nursery in Ames, Iowa, through 2016 and stored in a cooler at 4°C for the winter. 
On January 13, 2017, trays were removed from the cooler and placed into a growth chamber 
exposed to 16-hour diurnal light with 30°C day temperatures and 25°C night temperatures. 
As plants began showing signs of bud break, the trays were moved to a growth chamber 
excluding light and maintaining 30°C for etiolation. The seedlings were placed in a dark 
chamber on February 6, 2017. Plants were maintained in a dark chamber for 14 days when 
the majority of plants had etiolated shoots three nodes long. Plants were then banded and 
introduced to light. Banding consisted of placing 4-cm-long black strips over the lowest 
region of etiolated growth that encompassed at least one node. The seedlings were banded on 
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February 20, 2017, and placed in a growth chamber with light. Lights were turned on for 5-
hour periods for 3 days to aid in the transition from complete darkness. After the transition 
period, the lights were set on a 16-hour diurnal setting with 25°C day temperatures and 20°C 
night temperatures. This light treatment resulted in chlorophyll production within the 
exposed tissues. The 4-cm region covered with a strip was effectively etiolated for 
approximately 20 days. Cuttings of Carya tomentosa were taken on March 4, 2017. The 
cuttings were reduced to two nodes of non-etiolated stem tissue and the etiolated base. 
Twenty cuttings each were either treated with 8,000 ppm IBA in talc and stuck in a tray of 
sand, or stuck in sand without additional hormone. Trays of cuttings were placed under 
intermittent mist. Cuttings were checked for roots on March 24, 2017. None of the cuttings 
had initiated callus formation or adventitious roots. Just over half of the cuttings in each 
treatment had failed entirely, damping off from the base.   
Experiment 2 
 Dormant hardwood cuttings ranging from 5 to 8 cm in length of one-year-old wood 
were collected from two Carya cordiformis on the Iowa State University campus on 
February 4, 2017. Cuttings were randomly assigned to one of three IBA treatments (0, 3,000, 
or 8,000 ppm) with or without bottom heat, resulting in six treatments total. Each treatment 
consisted of 32 cuttings. All cuttings were stuck in trays of perlite and placed in a growth 
chamber set to 4°C and 16-hour diurnal light settings. The three treatments with bottom heat 
were placed on a propagation heat mat set to 26.7°C. Each tray was watered daily with 100 
ml of deionized water.  
 Cuttings were checked on March 14, 2017, for the formation of callus and/or 
adventitious roots. None of the cuttings had formed adventitious roots in any of the 
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treatments. Callus tissue was observed on 11 of the 32 cuttings in the 8,000 ppm + bottom 
heat treatment (Figure 2). 
Experiment 3 
 Seedlings of Carya laciniosa representing three populations from Iowa and seedlings 
of Carya glabra representing one population in Illinois were obtained from Jeffery Carstens 
of the North Central Regional Plant Introduction Station in the summer of 2016. The plants 
were of different ages (two to three years old); however, each was treated the same after 
collection. Nuts were harvested and planted immediately in containers that measured 7 cm ´ 
7 cm ´ 21 cm with air-root pruning bottoms and placed in a cool location for 90 days at 4°C. 
After 90 days, plants were moved to a greenhouse and grown at 25°C.  
 On January 14, 2017, plants were removed from a cooler while dormant and 
randomly assigned to a treatment. Treatments consisted of either a saddle graft with a hand-
grafting tool or a splice graft performed by hand. Each treatment comprised 14 plants 
representing a population and used for within-population grafting. Plants varied from 17 to 
30 cm in height. Grafts were conducted 9 to 16 cm from the soil surface depending on where 
the scion and rootstock best matched in caliper. Scions ranged from 8 to 12 cm in height. 
After grafting, the union was wrapped with ParafilmÒ (Bemis Company Inc., Neenah, WI) to 
prevent desiccation. After grafting, all plants were randomly placed on a bench in a 
greenhouse maintained at 24°C with 16-hour diurnal supplemental lighting. Plants were 
misted daily with tap water and thoroughly watered twice weekly.   
 Plants were inspected for successful grafts on March 6, 2017. None of the plants from 
any of the three Carya laciniosa populations or the Carya glabra population were considered 
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successful. However, one pignut hickory plant that was grafted using the saddle graft 
appeared to show a very small amount of cambial reconnection.   
Experiment 4 
 Fruits of Carya ovata were collected on September 2, 2015, in Ames, Iowa from 
remnant plants in a residential area of the town, as well as from both Pammel Woods and 
Reactor Woods. Fruits of Carya aquatica and Carya tomentosa were collected on October 
25, 2015 near Franklin, Virginia, along the banks of the Nottoway River and along the 
adjacent sandy hillsides, respectively. Fruits were stored at room temperature in sealed 
plastic bags until they were sanitized and placed in stratification. On October 28, 2015, the 
husks of the fruit were removed and the seed was sanitized in a 70% ethanol solution. The 
seed underwent a 48-hour soaking in buckets of tap water with water changes twice daily. 
Seed were stored in moistened long-fibered sphagnum moss in a large plastic bag and 
stratified in a cooler at 4°C. Seeds were removed from stratification the following spring and 
communally placed into shallow trays for germination (Figure 3). The communal trays were 
divided and individual plants were potted singly into 15-centimeter-diameter standard 
containers with a commercially available potting medium. Seedlings were grown in a 
greenhouse in Ames, Iowa, through 2016 and stored in a cooler at 4°C for the winter.  
 On January 15, 2017, plants were removed from a cooler while dormant and 
randomly assigned to a treatment. Treatments consisted of either a saddle graft with a hand-
grafting tool or a splice graft performed by hand. All 14 plants representing a population 
were used for within-population grafting. Grafts were conducted 4 to 9 cm from the potting 
medium surface where the scion and rootstock best matched in caliper. Scions ranged from 4 
to 12 cm in height. After grafting, the union was wrapped with ParafilmÒ (Bemis Company 
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Inc., Neenah, WI) to prevent desiccation. After grafting, all plants were randomly placed on a 
bench in a greenhouse maintained at 24°C with 16-hour diurnal supplemental lighting. Plants 
were misted daily with tap water and thoroughly watered twice weekly. All plants within a 
population served as a rootstock and scion to each other or were self-grafted. Plants were 
inspected for successful grafts on March 7, 2017. None of the plants from either treatment 
with any of the three species was considered successful.  
Conclusions and Discussion 
 The results of these propagation experiments suggest that these techniques, as 
performed, are not a practical means of asexually producing these plants. It is possible that 
these techniques could be modified to promote greater success. Similarly, these methods may 
prove useful for other species within the genus. Etiolation and blanching is a technique that is 
often used for difficult-to-root species. The preliminary data with Carya cordiformis suggest 
that this method can be successful, however, the success rate (22%) is low. Achieving 
rooting with cuttings of Carya tomentosa with a similar technique proved unsuccessful. A 
low percentage of rooting may have taken place if the experiment encompassed a greater 
amount of time.  
 Dormant hardwood cuttings of Carya cordiformis treated with 8,000 ppm IBA and 
bottom heat resulted in callus formation on 34% of the cuttings. The time to the conclusion 
of the experiment may have influenced the low rate of attaining the development of callus. 
However, achieving callus formation with a simple propagation protocol is an important step 
towards determining useful propagation techniques. 
 Reports of successful hickory grafting typically refer to top-grafting, which is often 
unsightly, and therefore inappropriate for ornamental production (Figure 4). Of these reports, 
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none describes attempts of utilizing bench-grafting techniques, which may be important for 
the nursery production of ornamental selections. It is possible that bench grafting has been 
attempted and not reported on due to a lack of success, which would be analogous with the 
results of the experiments described here for Carya aquatica, Carya glabra, Carya laciniosa, 
Carya ovata, and Carya tomentosa. Additional investigation of bench grafting techniques is 
necessary. Further experimentation could examine different grafting methods, techniques for 
reducing scion desiccation, as well as the timing of grafting. Additionally, further studies 
could test the viability of budding techniques.  
 Although these grafting studies proved unsuccessful, they did highlight an interesting 
aspect of hickory growth. All species within the grafting experiments exhibited growth that 
originated from buds below the graft union. Additionally, most of these plants also exhibited 
growth from below the cotyledon scar. I have observed the formation of adventitious shoots 
on each of the taxa in the grafting experiments as well as on the taproot of Carya cordiformis 
in other settings (Figure 5). The shoots that arise from the taproot are vigorous. My 
impression is that rates of growth from adventitious shoots exceed those of seedlings, during 
and beyond the first year of development. Perhaps these adventitious shoots do not initially 
exhibit the same determinate control that is observed in epicotyls. Further investigations 
could explore the possibility of using adventitious shoots from roots to hasten nursery 
production. The capacity to induce roots reliably on cuttings of these adventitious shoots, or 
growing plants from shoots induced on root cuttings, would represent major advances in the 
production of hickories.  
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Figure 1. Adventitious root formation on a cutting of Carya cordiformis 
resulting from treatment with etiolation and blanching. 
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Figure 2. Callus tissue developing on dormant hardwood cuttings of Carya cordiformis 
after treatment with 8,000 ppm IBA and bottom heat. 
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Figure 3. Radicle emergence from a nut of Carya aquatica.  
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Figure 4. A top-grafted hickory, exemplifying the unsightly 
appearance of the uneven caliper and bark textures of the scion 
and rootstock.  
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Figure 5. An adventitious shoot arising from the taproot of a 
one-year old seedling of Carya cordiformis.  
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APPENDIX B 
PHOTOS FROM ROOT PRUNING AND AUXIN EXPERIMENT 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Root development from top to bottom: Carya aquatica, 
Carya laciniosa, Carya ovata.	
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Figure 2. Treatments from left to right: control, root prune, root prune 
and auxin. 
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Figure 3. Resultant root morphology of Carya laciniosa treated with 
root pruning plus auxin. 
 
 
 
98 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Development of Carya cordiformis shortly after hypocotyl emergence. 
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Figure 5. Development of Carya tomentosa shortly after hypocotyl 
emergence. 
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Figure 6. Unbranched taproot (left) and well-branched taproot (right) of Carya tomentosa 
at the conclusion of the experiment.  
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Figure 7. Carya aquatica by treatment: control (left), root prune (middle), root prune plus 
auxin (right). 
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APPENDIX C 
PHOTOS FROM BITTERNUT ROOT PRUNING EXPERIMENT 
 
 
 
Figure 1. Unbranched taproot (left) and branched taproot of severely pruned taproot 
(right) on Carya cordiformis.	
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APPENDIX D 
PHOTOS FROM WATER STRESS EXPERIMENT 
 
  
Figure 1. Hypertrophied lenticel-like formation on the taproot 
of Carya laciniosa exposed to complete inundation. 
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APPENDIX E 
MISCELLANEOUS IMAGES OF HICKORY 
 
 
 
 
 
 
 
 
Figure 1. Early bud and shoot development at the onset of the growing season with Carya 
laciniosa. An accressent bud (left) and the shoot shortly after bud-break (right). 
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Figure 2. The root morphology of a deceased hickory exemplifying the large 
taproot. Photograph was taken on October 2, 2016, on the grounds of the 
Baskett Wildlife Research and Education Center near Asheville, MO.  
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Figure 3. Large, permanent lateral roots on a mature Carya laciniosa growing 
along a riverbank. Photograph was taken on October 1, 2016, in Sharon Bluffs 
State Park near Sharon, IA. 
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Figure 4. Autumnal foliage display of Carya cordiformis. Photograph was taken 
on October 18, 2016, on the campus of Iowa State University in Ames, IA. 
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Figure 5. Bark texture of a mature Carya cordiformis. Photograph was 
taken on September 18, 2016, in Brookside Park in Ames, IA. 
 
 
 
109 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 6. Foliage and fruit of a mature Carya cordiformis.  
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Figure 7. Average fruit size from various plants of Carya cordiformis found in central 
Iowa.  
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Figure 8. Photograph of peeling bark on a mature 
specimen of Carya ovata. Photograph was taken on 
September 25, 2016, on the grounds of the Iowa 
Arboretum near Madrid, IA. 
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Figure 9. A towering wild specimen of Carya aquatica. Photograph was taken on 
October 28, 2016, along the Nottoway River near Franklin, VA. 
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Figure 10. The bark of a wild specimen of Carya aquatica. 
Photograph was taken on October 25, 2015, near Zuni, VA. 
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Figure 11. Fruit and foliage of Carya tomentosa.  
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Figure 12. Bark of mature Carya laciniosa from central Missouri (left) and southern Iowa 
(right). Photographs were taken on October 2, 2016, on the grounds of the Baskett 
Wildlife Research and Education Center near Asheville, MO (left) and on September 17, 
2016, near Chariton, IA (right). 
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Figure 13. Fruit of Carya laciniosa.  
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Figure 14. Bark texture of a wild specimen of Carya illinoinensis. 
Photograph was taken on October 2, 2016, on the grounds of the 
Baskett Wildlife Research and Education Center near Asheville, MO. 
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Figure 15. Trunk and bark of a wild Carya illinoinensis. Photograph 
was taken on October 2, 2016, on the grounds of the Baskett Wildlife 
Research and Education Center near Asheville, MO. 
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Figure 16. A coarse lateral taproot branch of Carya aquatica circling 
around the container.  
